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The Department of Defense (DoD) has numerous sites that contain groundwater
contaminated with 2,4,6-trinitrotoluene (TNT).  The currently applied technologies for
treating TNT contaminated waters are carbon adsorption and chemical oxidation.  Carbon
adsorption is a non-destructive technology, which could create future liability issues and is
inefficient at relatively low TNT concentrations.  On the other hand, application of chemical
oxidation for the treatment of TNT contaminated water generates trinitrobenzene (TNB), a
by-product of the incomplete oxidation of TNT.  TNB is regulated as strictly as TNT.
Additionally, over 70% of the reactor required treatment time for meeting target levels is due
solely for TNB removal.  
This study evaluated the potential integration of zero-valent metallic species and
advanced oxidation for the treatment of waters contaminated with TNT.  The idea was to
reduce treatment time, and thus, operational costs, when advanced oxidation is used as a
stand-alone treatment technology by reducing TNT prior to oxidation.  The use of zero-
valent metals as the first treatment step transformed TNT into reduced organic compounds
which were easily oxidized.
The effectiveness of zinc, iron, nickel, copper, and tin as TNT reducing agents was
evaluated.  Zinc and iron were selected for further study based on their performance
degrading TNT.  Then, the reduction mechanism (pathway) and associated by-products of
TNT reduction using zinc were examined using a zinc specimen manufactured by Sigma
Corporation.  Three amines were identified during reduction : 2-amino-4,6-dinitrotoluene,
4-amino-2,6-dinitrotoluene, and 2,4-diamino-toluene.  Other intermediates were observed
but not identified.  Many of these reduction by-products adsorbed strongly onto the metal
surface, significantly reducing the rate of TNT degradation during aging experiments.  The
aging of the metallic species was modeled using a power decay law parameter with the rate
expression for TNT degradation.  Corrosion promoters such as KCl addition, ozonation, and
peroxone were evaluated as alternatives to reactivate zinc and iron to achieve steady TNT
degradation.  The addition of KCl performed significantly better than ozonation and
peroxone.  Furthermore, addition of KCl during the reduction step using iron or zinc
generated organics that were successfully mineralized by ozonation or peroxone. 
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Explosives are chemical compounds or mixtures that undergo rapid burning or
decomposition resulting in the generation of vast amounts of gas and heat leading to the
production of sudden and damaging pressure effects (USEPA, 2002).  Explosive
reactions are extremely rapid exothermic reactions.  Even though these reactions are
thermodynamically possible, they do not occur spontaneously.  There is usually a small
energy barrier that must be overcome in order to initiate the reaction.  The input of
energy to overcome this barrier is known as initiation or detonation.  The ease of which
an explosive may be detonated is measured by its sensitivity (US Army, 1984).
Explosives are classified by sensitivity into two categories:  (1) sensitive or primary
explosives, and (2) insensitive or secondary, also known as high explosives (US Army,
1984).
Primary explosives provide the relatively large energy required to initiate the
reactions of secondary explosives (US Army, 1984).  When used in this capacity, they
are referred to as detonators.  The amount of these explosives present in high-explosive
detonator devices is small compared to secondary explosives.  Thus, secondary
explosives make up the bulk of the explosives production activities because of the much
higher volume required within most weapons systems.
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History of Explosives 
The history of countries or regions often is best highlighted by specific events,
such as scientific discoveries, wars, and natural disasters.  Wars in particular, have
defined the history of the world (World War I and World War II) during certain periods
of time.  In each of these conflicts, most of the weapons, from the more traditional to the
more sophisticated, depended on explosives.  These chemical compounds have existed
for centuries.  In addition to weapons, other past uses of explosives include dredging of
rivers and blasting aids for the mining industry.  Most likely, the first explosive
discovered was blackpowder in 220 BC (Akhavan, 1998).  It is reported that
blackpowder was discovered by accident while Chinese alchemists were separating gold
from silver via a low temperature reaction.  Mixing potassium nitrate, sulfur, and
charcoal in the incorrect order, they created blackpowder, which resulted in a tremendous
explosion.  It was not until the 13th century that the scientific understanding for the
production of blackpowder was studied by an English monk, Roger Bacon, in 1249 (US
Army, 1984; Zappi, 1995).  By the end of the 13th century, many countries were using
blackpowder as a military aid to breach the walls of castles and cities (US Army, 1984).
Blackpowder contains a fuel and an oxidizer.  The fuel is a powdered mixture of
charcoal and sulfur, which is mixed with potassium nitrate (oxidizer).  The mixing
process was improved during the 15th century when blackpowder gradually came into use
with small guns and hand grenades (Akhavan, 1998).  It was used in large guns in the 16th
Century, and extensively used for blasting in the mining industry during the 17th and 18th
Centuries (US Army, 1984).
3
Difficult mining and tunneling operations required a better explosive.  In 1846,
the Italian, Ascanio Sobrero, discovered liquid nitroglycerine (see Table 1.1).  A few
years later the Swedish inventor, Immanuel Nobel, developed a process for
manufacturing nitroglycerine, and in 1863, he erected a small manufacturing plant in
Helenborg with his son Alfred (US Army, 1984).  After some improvements, his final
manufacturing process consisted of pouring glycerol and cooled mixture of acids into a
conical lead vessel, which had perforations in the constriction.  The product
nitroglycerine flowed through the restrictions into a cold-water bath.  Finally,
nitroglycerine was washed with warm water and a warm alkaline solution to remove the
acids.  Even though nitroglycerine had a great advantage over blackpowder, since it
contains both fuel and oxidizer elements in the same molecule, it was prone to self-
initiation.  Transportation of liquid nitroglycerine often resulted in the loss of life and
property.  In addition, a major explosion in 1866 completely demolished the Nobel
nitroglycerine factory.  Nobel reduced the sensitivity of nitroglycerine by mixing it with
an adsorbent clay.  This mixture became known as ghur dynamite and was patented in
1867 (US Army, 1984).
At the same time nitroglycerine production was being optimized, the nitration of
cellulose to produce nitrocellulose was discovered by Schonbein and Bottger in 1846 (US
Army, 1984).  Nitrocellulose was also very unstable.  Manufacturing plants were
destroyed in France, England, and Austria (Akhavan, 1998).  In 1865, Sir Frederick Abel
improved the stability of nitrocellulose by converting it into a pulp (US Army, 1984).
Nitrocellulose was not used in military and commercial explosives until 1868, when
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Abel’s assistant, E.A. Brown, discovered that dry, compressed, highly nitrated
nitrocellulose could be detonated using mercury fulminate (first prepared in the 17th
Century by Baron Johann Kunkel von Lowenstern) and wet, compressed nitrocellulose
could be exploded using a small quantity of dry nitrocellulose (Akhavan, 1998).
In 1875, Alfred Nobel discovered that when mixing nitrocellulose with
nitroglycerine a gel was formed.  This gel was the main ingredient for other explosives
including blasting gelatin, gelatin dynamite, ballistite, and cordite (Akhavan, 1998).  In
its various forms, cordite remained the main propellant of the British Forces until the
1930s.
The Swedish chemists Ohlsson and Norrbin, found that the explosives properties
of dynamites were enhanced by the addition of ammonium nitrate (NH4NO3), which was
first prepared in 1654 by Glauber (US Army, 1984).  Alfred Nobel subsequently acquired
the patent of Ohlsson and Norrbin for ammonium nitrate and used it in his explosive
compositions.  In 1888, a committee was appointed in England to study the safety issues
associated with the use of explosives in coal mines (US Army, 1984).  After
experimenting with various explosives, the use of several explosives materials was
recommended, mostly based on ammonium nitrate formulations.  The results obtained by
this committee led to the Coal Mines Regulation Act of 1906 (Akhavan, 1998).  By 1913,
the British coal production reached an all time peak of 187 million tons, consuming more
than 5000 tons of explosives annually, and by 1917, 92% of the explosives used in the
mining industry were based on ammonium nitrate ( Akhavan, 1998).
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Picric acid (see Table 1.1) is probably the earliest known nitrophenol.  It was not
until 1843 that the possibility of using picric acid as an explosive was explored (US
Army, 1984).  In 1888, it became the preferred explosive in British munitions, thus
replacing blackpowder (Akhavan, 1998).  Eventually, picric acid was accepted all over
the world as the basic explosive for military uses.  Problems associated with picric acid
were its corrosive nature and sensitivity.  In the presence of water, it caused corrosion of
munition shells and it was prone to accidental initiation (Akhavan, 1998).
The most used secondary explosive during World War I (WWI) and World War
II (WWII) was 2,4,6-trinitrotoluene (TNT) (Zappi, 1995).  As shown in Table 1.1, TNT
is composed of a toluene ring with three nitro-substitutions on the 2,4, and 6 carbons.
Synonyms of TNT most commonly used by the US Department of Defense (DoD)
agencies include trotyl, tolit, triton, trilite, and 1-methyl-2,4,6-trinitrobenzene (Zappi,
1995).  The advantages of TNT are low production cost, relatively safe handling, fairly
high explosive power, good chemical and thermal stability, favorable physical
characteristics, and moderate toxicity.  Table 1.2 lists key physical and chemical
properties of TNT (US Army, 1988; Hutzinger, 1991).
TNT was first prepared in 1863 by J. Willibrand, a German scientist, using a
toluene nitration technique (Zappi, 1995).  The initial application of TNT was in the dye
industry.  By 1902, the Germans had improved manufacturing techniques for TNT and
began using it on a wide scale in high explosive shells.  In the United States, TNT
became the standard high explosive for bomb filling during 1910.  During World War I,
Germany converted many of its dye manufacturing facilities into TNT manufacturing
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plants (US Army, 1984).  This resulted in a significant challenge for the forces fighting
Germany, since 85% of the dye production facilities at that time were in Germany.  
Between WWI and WWII, TNT production capacity and production techniques in
the United States improved significantly.  In addition, the English and the US achieved
great improvements in the production techniques of other explosives such as hexahydro-
1,3,5-trinitro-1,3,5-triazine or Research Department Explosive (RDX) and octahydro-
1,3,5,7-tetranitro-1,3,4,7 tetrazocine (see Table 1.1) or Her Majesty’s Explosive (HMX)
(Zappi, 1995).  Table 1.1 shows the molecular structures of RDX and HMX.  These
explosive were combined with TNT to build more powerful and destructive weapons.  By
the outbreak of WWII in 1939, the US was using TNT as its primary explosive.  Today,
TNT continues to play a major role worldwide as a warfare explosive.
TNT Manufacturing
Figure 1.1 illustrates a 3-stage process for the production of TNT using the
nitration of toluene with nitric acid (US Army, 1984).  The acid stream flows
countercurrent to the flow of the organic stream.  In each nitration step, a stronger acid
concentration and higher temperatures are used.  The most concentrated acid stream is
introduced in the 3rd nitration step.  The effluent acid streams from the 3rd and 2nd
nitration steps are fortified by additions of 60% HNO3 solutions.  Each nitration step
involves the addition of one nitro group: nitrotoluene is produced in the first step,
followed by dinitrotoluene (DNT), and TNT in the second and third steps, respectively.
The combination of oleum (a solution of sulfur trioxide [SO3] in anhydrous sulfuric acid),
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fresh acid, and DNT in the 3rd nitration step primarily yields the 2,4,6-trinitrotoluene
isomer.
The manufacture of TNT and its further use in weapons manufacture and
assembly generate waste streams that have created soil and groundwater contamination
problems due to their improper disposal.  Liquid wastes associated with TNT are labeled
“Red Water” and “Pink Water” due to their characteristic colors.  Red Water is generated
during the purification of TNT to remove the unsymmetrical isomers of TNT from the
targeted symetrical product (US Army, 1984).  The crude TNT from the 3rd nitration step
is washed to removed free acid, and the wash water is recycled to the early nitration
stages.  The washed TNT is then neutralized with soda ash and treated with a 16 percent
aqueous sodium sulfite (sellite) solution.  The sellite waste solution (Red Water) from the
purification process is discharged directly as a liquid waste stream, collected, and sold or
concentrated into a slurry for incineration.  Pink Water originates from photolysis of
washed solutions at load, assembly, and packing of munitions facilities (US Army, 1984).
Residual TNT particles have traditionally been rinsed from assembling facilities resulting
in the generation of a waste water.  TNT photolysis by natural sunlight creates the
characteristic pink color.
TNT Contamination
The US was involved in various wars during the last century.  Many ammunition
plants were constructed in the US to support the war effort.  Seventy-seven such plants
were built just during WWII (USDA, 2002).  Traditional techniques of TNT production
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results in approximately 380 L of wastewater generated per one pound of TNT produced
(Zappi, 1998).  At peak production during WWII (1942-1944), the Kankakee Facility
located in Wilmington, Illinois, set a national record by producing over one billion
pounds of TNT (USDA, 2002).  This translate into 100 billion gallons of wastewater
generated from this one facility.  This is more water than the volumetric capacity of the
Great Lakes.
In general, red and pink waters were often discharged directly into drainage
ditches, local streams, and settling lagoons.  Soils, sediments, surface waters, and
groundwater around these facilities became contaminated with explosives compounds,
including TNT, RDX, and HMX, due to these improper wastewater disposal techniques.
The diversity in polluted environmental media and widespread distribution of the
pollution creates a formidable challenge during the design of remediation strategies at
these facilities.
In April 1985, the US Environmental Protection Agency (EPA) and the
Department of the Army (DA) established a cooperative agreement to develop health
advisories for chemical substances associated with munitions that may be found as
drinking water contaminants within the US and its territories (Roberts, 1988).  The Army
provided the USEPA with relevant information (toxicological, environmental, and
operational data) as required for the development of advisories.  Using this information
and other studies, TNT was deemed an USEPA Group C, Possible Human Carcinogen
(Zappi, 1998).  An aqueous concentration of 2.0 ug/L is suggested as the Long-Term
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Drinking Water Health Advisory, which has become the typical treatment requierement
currently used at DoD sites for groundwater remediation (Zappi, 1998).
Available Alternatives for Treating TNT Contaminated Waters
Presently, ultraviolet (UV) based advanced oxidation processes (AOPs) and
granular activated carbon are the only technologies that have been operated on a large-
scale for the treatment of TNT contaminated waters (Zappi, 1998).  Both technologies
have economical and operational disadvantages prompting DoD to search for new or
improved technologies.  For example, activated carbon is a phase-transfer technology
(liquid to solid).  The regeneration of explosives spent carbon is not only costly, but often
a safety concern.  Disposal of this carbon in landfills could create future liability issues
for DoD under current USEPA regulations.  The costs associated with carbon adsorption
technology tend to range from $1.00 - $5.00 per thousand gallons treated (Zappi, 1995).
The DoD is interested in destruction technologies that result in the complete
elimination of TNT and its by-products.  Destruction of the TNT would eliminate any
potential liability.  UV based AOPs are destruction technologies, which include processes
such as the combination of low pressure UV lamps with ozone or hydrogen peroxide
(LPUV/O3 or LPUV/H2O2, respectively), and medium pressure UV lamps with hydrogen
peroxide (MPUV/H2O2).  One key problem with the application of these technologies for
the treatment of TNT contaminated water is the generation of trinitrobenzene (TNB), a
by-product of the incomplete oxidation of TNT.  TNB is regulated as strictly as TNT by
the US Environmental Protection Agency (AEC, 1995).  Most studies of TNT and TNB
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oxidation using AOPs indicate that over 70% of the reactor residence time required for
meeting target levels are due solely for TNB removal.  Additional operational problems
plaging UV based AOPs are the low UV transmissivity in turbid waters and fouling of
the quartz lamp housing tubes (due to precipitation with oxidized iron/calcium coatings
that precipitate out of the groundwater influent) (Zappi, 1995).  Clearly, significant
reactor residence times, high maintenance costs,  and subsequently increased overall
water treatment costs are being incurred by DoD for achieving acceptable TNB removal
within AOP systems.  Considering the millions of gallons of explosives contaminated
groundwaters that presently exist at DoD sites, the cost of remediation activities using
activated carbon or UV based AOPs technologies is economically prohibitive, given the
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Table 1.1.  Important explosives developed throughout history.





























Melting point 80.1 /C
Density 1.654 g/cm3
Vapor pressure 0.046 mmHg at 82 /C
Viscosity 8 cP at 99 /C
Heats of formation 0.293 kJ/g
Heats of combustion 15.02 kJ/g
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Figure 1.1.  Nitration of toluene to form trinitrotoluene.




 This chapter will discuss past studies conducted on the degradation of organic 
contaminants, including TNT, and other nitro-aromatic compounds using either zero-
valent metals (ZVMs) or chemical oxidation.  An explanation of the theoretical principles 
of these two technologies will be included in the discussions.   
 
Treatment of Contaminated Water Using Zero-Valent Iron 
Water treatment using zero-valent metals for the treatment of waters contaminated 
with organic compounds is a relatively new field.  It has only been twelve years since the 
research group at the University of Waterloo, Ontario, Canada, discovered that metal 
pipes, if used as well casings, interfere with the detection of chlorinated solvents 
(Tratnyek, 1996).  The metal pipes were discovered to cause analytes, such as 
perchloroethylene, trichloroethylene, and carbon tetrachloride, to be degraded via 
chemical reduction at significant rates.  It was then discovered that zero-valent metals had 
potential for treatment of chlorinated solvents found in groundwater.  Several field 
demonstrations have been conducted at sites contaminated with chlorinated solvents by 
burying scrap iron in the subsurface intercepting the groundwater flow (Tratnyek, 1996).  
In general, these tests have been successful. 
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Promising results with chlorinated solvents have motivated a great deal of 
research on describing the mechanisms responsible for the degradation of organics by 
zero-valent metals with the idea of predicting and/or improving performance.  Some of 
these studies have found that the reduction of certain contaminants yields by-products 
more toxic and increasingly difficult to reduce than the parent compound; however, these 
by-products appear to be more biodegradable and/or oxidizable (Agrawal and Tratnyek, 
1996; Hofstetter et al., 1998).   
 The concept of using zero-valent metals for water treatment is a twist on the age-
old corrosion process.  Corrosion of metals is electrochemical in nature.  Metals such as 
zinc, iron, nickel, and tin oxidize spontaneously in acidic, aerobic, and/or high salinity 
aqueous solutions.  Electrochemical reactions can always be separated into two half 
reactions:  cathodic and anodic.  In the case of metal corrosion, the oxidation of the metal 
is the anodic reaction and the reduction of other species in solution is the cathodic 
reaction.  The anodic reaction of a metal (M) is written in the general form: 
neMM n +→ +     (1) 
 An oxidation or anodic reaction is indicated by an increase in valence or a release 
of electrons.  The number of electrons released equals the valence of the ion.  A few 
examples are: 
eZnZn 22 +→ +     (2) 
eFeFe 22 +→ +     (3) 
eSnSn 22 +→ +     (4) 
 There are several different cathodic reactions that are frequently encountered in 
metallic corrosion.  The most common are (Fontana, 1986): 
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 Hydrogen evolution    222 HeH →+
+   (5) 
 Oxygen reduction (acid solutions)  OHeHO 22 244 →++
+  (6) 
 Oxygen reduction (basic solutions)  −→++ OHeOHO 442 22  (7) 
 Metal ion reduction    ++ →+ 23 MeM   (8) 
 Metal deposition    MeM →++    (9) 
 Hydrogen evolution is a common cathodic reaction since acidic media are 
frequently encountered.  Oxygen reduction is very common, since any aqueous solution 
in contact with air contains oxygen, and thus, is capable of producing this reaction.  Metal 
ion reduction and metal deposition are less common reactions and are most frequently 
found in chemical process streams (Fontana, 1986). 
 More than one cathodic reaction can occur during corrosion.  Organics can also 
become reduced when metallic species are used to treat water contaminated with 
hazardous organics compounds.  The first application for the treatment of water 
contaminated with halogenated compounds using iron as a reducing agent was reported in 
the patent literature in 1972 (Sweeny and Fisher, 1972).  In the late 1980s, Vogel et al. 
(1987) discussed the mechanisms of reduction of chlorinated solvents caused by the 
electron transfer from transition metals.  Gilham’s research group suspected during their 
early studies on the interference of metals, such as stainless steel, aluminum, and 
galvanized steel used in well casings, with the reliable characterization of water 
contaminated with chlorinated solvents, that the culprit mechanism was related to 
corrosion (Reynolds et al., 1990).  The potential of zero valent-metals for the treatment of 
contaminated groundwater was overlooked for 20 years.  Gilham was the first to 
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recognize the in-situ application of the phenomenon for environmental remediation 
(Wilson, 1995).  His studies on the treatment of water contaminated with chlorinated 
aliphatic compounds using iron demonstrated relatively fast degradation rates for most of 
the examined chlorinated species.  Gilham calculated the half-lives of chlorinated species 
such as trichloromethane, dichloromethane, and tetrachloromethane using pseudo-first 
order reaction rate constants obtained from experimental results (Gilham, 1994).  Based 
on these rate constants and the normal groundwater velocities encountered at 
contaminated sites, he proposed that in-situ permeable reaction walls should be 
applicable to a wide range of ground-water contamination problems.  Several 
characteristics of the organic/iron treatment process were first reported by Gilham’s and 
Tratnyek’s research groups: 
 
1. Water reduction by the iron contributes to an increase in pH within the system. 
2. In order for reduction to occur at significant rates, there has to be contact between 
the iron surface and the organic compound. 
3. Reaction by-products of the parent compound with iron and the formation of iron 
oxide precipitates could slow the degradation rate of the parent compound. 
4. Contaminant degradation rate is proportional to iron surface area. 
 
 Matheson and Tratnyek (1994) investigated the degradation of carbon 
tetrachloride by zero valent iron.  The objective of their study was to establish the relative 
importance of the hydrogen formed due to water reduction by iron on the degradation of 
carbon tetrachloride and the reduction of carbon tetrachloride by ferrous species in 
solution.  They discovered that these pathways yielded insignificant carbon tetrachloride 
degradation.  As mentioned above, direct contact of the organic with the iron surface is 
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necessary for significant degradation rates.  Other investigators have found similar results 
for other organic compounds (Johnson, et al., 1996; Weber, 1996; Roberts et al., 1996; 
Agrawal and Tratnyek, 1996; Fennelly and Roberts, 1998).  Even though a slight 
systematic decrease in carbon tetrachloride pseudo-first order reaction rate constant was 
observed by Matheson and Tratnyek at more basic pHs, the effect of pH is generally not 
considered significant.  In contrast, pretreatment of the iron surface with hydrochloric 
acid prior to the initiation of the experiments produced faster dechlorination.  The 
explanation given by the investigators is that acid washing of the iron dissolves the 
surface layer of the iron grains leaving a clean reduced metal that is relatively free of 
unreactive oxide or organic coatings.  Most likely an increment in surface area also 
contributes to the observed enhancement in reaction rate. 
 Johnson et al. (1996) conducted an extensive review of the literature to gather 
data from studies conducted by several investigators on the degradation of 13 chlorinated 
alkenes by iron.  They determined that iron surface area was the most significant variable 
affecting the degradation of the chlorinated alkenes by zero-valent iron.  The variability 
of the first-order rate constant calculated from data collected from experiments at 
different experimental conditions and by different investigators decreases significantly 
when normalized based on surface area concentration.  However, the standard deviation 
of the normalized rate constants for the different chlorinated alkenes was still relatively 
large.  The authors recognized the need for considering iron deactivation, kinetically 
limited experimental conditions, and the use of heterogeneous kinetic models to 
determine more reliable rate constants and better descriptive mechanistic models. 
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 Scherer et al. (1998) used the data of Johnson et al. (1996) to develop linear free 
energy relationships (LFER) that can be used to explain or predict rates of 
dehalogenation by environmental reductants.  They correlated the normalized pseudo-
first order rate constant from Johnson with the two-electron reduction potentials, one-
electron reduction potentials, E1, and the energy of the lowest unoccupied molecular 
orbital (ELUMO) with and without solvation effects.  The rate constants correlated more 
satisfactorily with E1 and ELUMO.  Solvation effects in the ELUMO calculations did not 
improve the correlation.  LFER are important because they can be used to estimate 
reactivity values for compounds that were not originally included in the data set.  
Unfortunately, most of the data set in this study came from experiments conducted under 
mass transfer limited conditions.  
Tratnyek’s research group (Scherer et al., 1997) overcame mass transport 
limitations during carbon tetrachloride degradation using a rotating iron disk electrode 
(RDE).  In this case, the transport of carbon tetrachloride to the surface of the electrode 
was a function of the rotation speed (revolutions per minute).  Data for the calculation of 
the reaction kinetic parameters was collected when the reduction current was independent 
of electrode speed (kinetically limited region).  The iron electrode was operated in a 
potential range where an iron oxide layer did not form.  The idea was to eliminate mass 
transport limitations due to diffusion through a porous oxide layer.  This was achieved by 
tuning the electrode to the corrosion potential, at which the sum of cathodic and anodic 
currents is zero.  The surface area normalized rate constant ( [ ] 15101.03.2 −− ⋅×±= scmk ) 
for the degradation of CCl4 obtained with the RDE was ten times greater than the average 
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reduction rate constant previously reported for batch and column experiments 
( 16103.3 −− ⋅×= scmk ).  The use of a potential controlled free oxide electrode created an 
all-active iron surface, in contrast to the batch column experiments where the normal 
formation of oxides decreases the number of active sites on the surface of the iron and 
delays the charge transfer.  In addition, many of the batch and column studies on the 
degradation of carbon tetrachloride by iron reported in the literature were conducted 
under mass transfer limited conditions, which results in the determination of lesser 
degradation rates. 
Scherer et al. (2001) also conducted a study on the degradation of nitrobenzene 
using the rotating disk iron electrode.  Previous investigations have shown that the 
reduction of nitrobenzene by zero-valent iron using batch and column experiments is at 
least ten times faster than for the reduction of chlorinated solvents, such as carbon 
tetrachloride, trichlorotethylene, and vinyl chloride (Johnson et al., 1996; Devlin et al., 
1998).  With insitu permeable reactive barrier (PRB) applications, the groundwater 
velocity through the reactive zone is relatively slow (1 ft/day).  PRBs are permeable walls 
that are installed across the flow path of a contaminant plume.  PRBs contain a zone of 
reactive material, such as iron, that is designed to act as passive insitu treatment zone for 
specific contaminants as groundwater flows through it.  Mass transport limited conditions 
could result during the reductive degradation of fast-reacting contaminants.  Scherer used 
the RDE to determine the nitrobenzene reaction rate constant under kinetically limiting 
conditions.  The comparison of the nitrobenzene reaction rate constant and the mass 
transfer coefficient calculated for field conditions demonstrated that mass transport 
effects have to be considered when designing a Feo PRB for fast reacting contaminants. 
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The RDE experiments with nitrobenzene resulted in the determination of a surface area 
normalized heterogeneous rate coefficient ( 13, 102.07.1
−− ⋅×±= scmk rxnNB ) fifty times 
greater than the average reduction rate coefficient determined from previously reported 
batch and column experiments (Agrawal and Tratnyek, 1996, Burris, et al., 1996).  This 
result underscores the adverse effect of the formation of the oxide layer typically present 
in conventional experiments and field-scale PRBs.  Scherer calculated the mass transport 
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and, a groundwater velocity, u , of 0.3 1−⋅ daym , Feo particle diameter, d, of 1 mm, a 
porosity (ε ) of 0.65, and ArNO2 diffusion coefficient, D, of 126100.9 −− ⋅× scm .  The 
calculated mass transport coefficient was 14103.2 −− ⋅× scm , which is 7.4 times smaller 
than the calculated reaction rate coefficient.  The retention time, and thus, the volume of 
necessary reactive material to achieve a specified degradation will be underestimated if 
the reaction rate coefficient is used in the calculations, since degradation is controled by 
the smaller mass transport coefficient.   
The reaction rate constant calculated by Scherer did not consider deactivation of 
the iron, which could significantly decrease the rate of contaminant degradation.  
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Initially, the reaction with fresh iron and rapidly reacting contaminants, like nitrobenzene, 
could behave as a mass transport limited reaction, especially under field conditions.  
However, as oxides and by-products start to accumulate on the surface of the metal, the 
reactivity of the metal towards the particular organic will decrease and reaction limited 
conditions may be reached.  In addition, the type of irons usually loaded in PBR 
applications (scrap metal) are typically partially oxidized.  The rate constant for the 
reaction of this type of metal with organics, like nitrobenzene, will be smaller compared 
to one determine using the polished unoxidized surface utilized by Scherer.  Research on 
the long-term effects of oxide layer growth on the degradation of organic compounds and 
the inclusion of deactivation parameters caused by this layer into a model of the type 
developed by Eykholt and Sivanec (1995) for one-dimensional steady state transport 
would be useful in predicting the performance of PRBs.  Also, as important, will be the 
development of techniques to reactivate the surface of the catalyst once it has been 
partially deactivated. 
Farrell et al. (2000) investigated the long-term performance of zero-valent iron for 
the reductive dechlorination of trichloroethylene (TCE) and tetrachloroethylene (PCE).  
They found that the loss of reactivity of a zero-valent iron used for water treatment is 
caused due to by-product accumulation and/or formation of a passivating layer of metal 
oxides on the metal surface.  The latter may cause the electron transfer process to be 
independent of organic compound type.  The resistance to electron transfer added by the 
oxide layers could create a situation in which the rate of organic degradation is limited by 
the rate at which the iron is capable of releasing electrons.  Farrell et al. (2000) found 
similar half-lives for TCE and PCE treating contaminated groundwater using iron packed 
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filings within columns and operated for a period of two years.  Previous investigators 
have reported that PCE reaction rates with fresh iron are approximately 5 times faster 
than those for TCE (Farrell et al., 2000).  Other reports of similar reaction rates for TCE 
and PCE have been attributed to grain-scale mass transfer limitations (Farrell et al., 
2000).  The fast degradation of carbon tetrachloride obtained by Farrell et al. after 325 
days of iron column operation demonstrated that the system was not limited by mass 
transfer.  Voltametry experiments indicated that TCE and PCE degradation were limited 
by the rate of iron oxidation. 
The effect of by-products on the rate of degradation of the parent compound is 
compound specific as well as dependent on the presence of other oxidants in solution.  
For example, the degradation of some chlorinated solvents by ZVMs releases chloride 
ions, which can further enhance the rate of parent compound degradation by increasing 
the rate of metal corrosion (Scherer et al, 1999).  In contrast, reduction of nitroaromatic 
compounds, such as explosives, dyes, and insecticides, results in the formation of amines, 
which are known adsorption-type corrosion inhibitors (Fontana, 1986; Agrawal and 
Tratnyek, 1996).  Amines once formed, adsorb strongly to the metal surface, occupying 
reactive sites that are not availble for other species to react.  Previous studies with several 
nitroaromatic compounds have shown decreasing rates of reaction in relatively short 
periods of time (Devlin, 1998; Agrawal and Tratnyek, 1996).  Farrell et al. (2000) 
reported that the oxidation of some organics in the presence of oxygen leads to the 
formation of non-adherent and less protective corrosion products due to changes in the 
morphology of the oxides.   
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Earlier studies have overlooked the effect of the growth and the chemical 
properties of the oxide layer on the degradation of organic compounds by zero-valent 
metals.  The morphology of metal corrosion products is influenced by many factors.  For 
example, the first iron corrosion product formed under anaerobic conditions is amorphous 
ferrous hydroxide, Fe(OH)2 (Farrell et al., 2000).  Magnetite (Fe3O4) may then be formed 
by the oxidation of Fe(OH)2.  Under neutral pH conditions, intermediates of the 
formation of magnetite, mixed-valent Fe(II)/Fe(III) salts, known as green rust, may form 
(Farrell et al., 2000).  Green rust is stable only at low redox potentials and its oxidation 
commonly leads to the formation of maghemite ( )32OFe−γ or lepidocrocite.  Slow 
oxidation that allows dehydroxylation of the green rust phase favor maghemite formation 
over lepidocrocite (Farell et al., 2000).  The pathway for the formation of these oxides is 
described in Figure 2.1 (Cornell, 1996).  In addition, Table 2.1 presents some of their 
physical and chemical properties (Scherer et al., 1999).  Maghemite has the same inverse 
spinel structure as magnetite, but contains only Fe (III).  The loss of ferrous ions from the 
lattice maintains charge balance in the structure.  Although there are cation vacancies in 
the lattice, maghemite formed via the oxidation of magnetite is nonporous, while 
maghemite formed from the dehydroxylation of lepidocrocite is mesoporous.  Due to its 
large band-gap, maghemite is considered a passivating oxide; in contrast to magnetite, 
which has a small band gap and an electrical conductivity close to that of metals (Scherer 
et al., 1999).  Spectroscopic analyses of aged iron surfaces under anaerobic conditions 
have found that the iron becomes coated with an inner layer of magnetite and an outer 
layer of maghemite, which as mentioned previously is more passivating. 
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The oxide layer can affect the electron transfer to the organic in solution by acting 
in basically three ways (Scherer et al., 1999):  
 
(1) Provides an inert physical barrier, where electrons must come directly from the 
metal though defects, such as pits or grain boundaries in the oxide layer. 
 
(2) Serves as a semiconductor, where electrons are transported through the oxide 
layer via the oxide conduction band, impurity bands, or localized states. 
 
(3) Provides a surface consisting of a finite number of coordination sites, where 
reduction may occur by metal-to-ligand charge transfer. 
 
Each of these processes are described in Figure 2.2.  It is likely that with 
environmental remediation applications, the oxide layer is acting in all three ways.  If the 
oxide layer is a non-conducting physical barrier, then electron transfer may occur from 
the metal to the dissolved substrate through defects, such as pits or grain boundaries.  
Most pitting occurs in the presence of chlorides or chloride containing ions (Fontana, 
1986).  Surface scratches, emerging dislocations, or other surface defects tend to have a 
higher rate of dissolution compared to the rest of the surface.  Attracted by the larger 
concentration of positive ions, chlorides will migrate to these areas of high corrosion rate.  
Pitting mechanisms by chlorides are controversial and not well established.  Perhaps, the 
best explanation to the pitting process by chlorides is the acid-forming tendency of 
chloride salts and the high strength of its free acid (HCl).   
Figure 2.3 describes the acceleration of the pitting process due to the formation of 
HCl inside the pit (Fontana, 1986).  Here a metal, M, is being pitted by an aerated sodium 
chloride solution.  Rapid dissolution occurs within the pit, while oxygen reduction takes 
place on adjacent surfaces.  The rapid dissolution of the metal inside the pit tends to 
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produce an excess of positive charges in this area, resulting in the migration of chloride 
ions to maintain electroneutrality.  The hydrolysis of MCl forms HCl, which stimulates 
the dissolution of more metal.  The entire process accelerates with time.  At least two 
studies have found these effects consistent with the possibility of an autocatalytic link 
between dechlorination and pitting corrosion.  Scherer et al. (1999) reported a 60% 
increase in CCl4 reduction rates by Feo with increased contact time in batch systems.  
Scherer et al. (1999) showed that large concentrations of dosed chloride (up to 60 mM) 
increased the rate of CCl4 degradation as much as four-fold.  However, the gradual 
increase in rate with time that would be expected from a strongly autocatalytic process 
has rarely been observed, and most groups have consistently reported first-order 
degradation kinetics, or gradually decreasing rates with time (i.e., tailing) (Scherer et al., 
1999). 
The oxide layer may also act as a semi-conductor during the electron transport 
from the iron core to the adsorbed organic.  Semi-conductors are characterized by an 
energy band gap, which is the difference between the energy of the valence band (lowest 
energy level occupied by electrons) and the energy of the conduction band (highest 
energy level unoccupied by electrons).  Table 2.1 shows the band gap energy for some of 
the oxides that may formed during environmental remediation using Feo.  Band gap 
energy is an indicator of the passivity of the oxide layer.  According to Table 2.1, oxide 
layers, like goethite and lepidocrocite, should be the most passivating.  However, the 
values for the band gap energies in Table 2.1 were calculated assuming long-range order.  
The oxide layer that forms on granular Feo used in environmental applications lacks long-
range order (crystalline structure).  Passive films on Feo are typically only a few 
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monolayers thick, so long range order normal to the surface cannot develop.  Thicker 
oxide layers tend to be amorphous because a more coherent film would under stress and 
break up.  If the oxide layer acts as a semi-conductor, in order for electron transfer to 
occur from the Feo core, its Fermi Energy (Ef), which is the electrochemical potential of 
electrons in the bulk semi-conductor, has to be larger (more positive) than the Fermi 
Energy of the metal.  Electrons transfer though the oxide may occur by tunneling (direct 
or resonance) (Scherer et al., 1999).  Direct tunneling of electrons from the underlying 
Feo through the oxide layer is only possible for thin films of oxide (≈  10 
°
A ) (Scherer et 
al., 1999).  Resonance tunneling, in which the electrons tunnel or “hop” between 
localized states in the oxide, is more likely for the oxide layer that forms on grains of Feo 
in remediation applications. 
Finally, the oxides can also act as a coordinating surface.  Electrons may be 
donated from surface-bound Fe2+ sites created by adsorption of Fe2+ from solution or 
electrons may originate from the underlying metal, creating Fe2+ sites within the oxide 
lattice (“structural” Fe2+) (Scherer et al., 1999).  These sites eventually result in reactive 
surface sites with the potential to reduce organics.   
Klausen et al. (1995) demonstrated that Fe2+ adsorbed on minerals like magnetite, 
goethite, and lepidocrocite reduced nitroaromatic compounds at rates comparable to those 
achieved with zero valent iron.  The rate of degradation of the nitroaromatic compounds 
was found to be dependent on the amount of Fe+2 adsorbed onto the mineral surface.  Of 
all the mineral surfaces evaluated, the combination of magnetite/Fe+2 yielded the largest 
surface area normalized pseudo-first order rate constant for the degradation of 
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nitrobenzene (0.0167 
min2 ⋅m
L ).  Agrawal and Tratnyek (1996) determined a value of 
0.039 
min2 ⋅m
L  using zero-valent iron.  In both cases, the nitrobenzene was reduced to 
aniline, which is still of environmental concern. 
Similar experiments conducted by Hofstetter et al. (1999) for the reduction of 
TNT by the goethite/Fe+2 yielded a pseudo-first order reaction rate constant of 0.025 
min2 ⋅m
L .  The value obtained with zero-valent iron was 0.047 
min2 ⋅m
L  (Agrawal and 
Tratnyek, 1996).  It appears that the Fe0 core plays a significant role in the faster 
degradation of nitroaromatic compounds.  Even though the oxide layer formed on the 
iron particles may be similar to the magnetite and goethite used by Klausen and 
Hofstetter, respectively, the zero-valent iron core may exert a considerable and sustained 
influence, through the oxide layer, on the redox potential at the particle-water interface 
(Devlin et al., 1998).  A sustained much more negative redox potential of the iron particle 
explains the larger reaction rate constant obtained using zero-valent iron.  In addition, the 
fact that a Fe2+ reactive site can donate 1 electron versus 2 electrons by the Feo core 
explains the lower saturation concentration observed using the mineral suspensions 
(Agrawal and Tratnyek, 1996; Klausen et al. 1995).   
As mentioned earlier, previous studies on the degradation of nitroaromatics by 
iron have shown faster degradation rates than those observed with chlorinated 
compounds.  In acidic conditions, nitroaromatics are sequentially reduced in three two-
electron steps going through nitroso, hydroxyl, and amino compounds (Streitwieser et al., 
1992).  Figure 2.4 shows a diagram of the various possible transformation pathways for 
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nitrobenzene in reducing environments (Agrawal et al., 1995).  Six electrons are gained 
in the complete reduction of a nitro group attached to a nitroaromatic compound.  In 
neutral media, relatively high reduction potentials are necessary to reduce the nitro group 
beyond the hydroxylamine stage (Streitwieser et al., 1992).   
In acidic conditions, Walker and Kaplan (1992) and Hwang et al. (1998) report 
that TNT is reduced following a pathway similar to nitrobenzene (see Figure 2.5).  A 
total of 18 electrons are gained in the complete reduction of TNT to triaminotoluene (six 
electrons per amino).  The nitroso and hydroxyl amino intermediates can combine to 
yield azoxy and azo compounds, which are frequently observed in significant amounts 
during nitro-reduction for the synthesis of amines (Agrawal, 1995).  All these compounds 
are reduced to the amines under acidic conditions (Streitwieser et al., 1992) 
The one electron-reduction potentials for TNT and each of the amino compounds, 
except TAT, are shown in Table 2.2.  This table also lists the orxE  values for the reduction 
of TNT, amino, and diamino by-products using the oxidation of iron ( VEemf 409.0−= ) 
as the cathodic reaction.  The thermodynamics of electrochemical reactions will be 
discussed in more detail later in the chapter.  At this point, it suffices to state that the 
emfE of the increasingly reduced nitro compounds gets more negative, thus indicating that 
the reduction of TNT becomes thermodynamically more difficult after each nitro-group is 
reduced.  This explains in part the corrosion inhibitory effect of amines. 
Devlin et al. (1998) studied the degradation of nitroaromatic compounds, 
including TNT, within a recirculated batch reactor using zero-valent iron.  The 
experiments were conducted under anoxic conditions and at pH 10 using a 0.008 M 
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KNO3 medium.  The initial concentration of the nitroaromatic of interest was 22.7 mg/L.  
The iron surface area concentration was 167 m2/L.  Granular iron placed in a separated 
column was used without pretreatment.  The same iron was used for all experiments.  The 
X-ray photoelectron spectroscopy (XPS) analysis of the iron used in the study showed 
that the surface of the iron was entirely magnetite.  They did not report a reaction rate 
constant for the degradation of TNT by zero-valent iron.  The investigators mentioned 
that the degradation mechanism of TNT was different from the degradation of other 
nitroaromatic compounds in the sense that the mass balance (the sum of TNT and 
reduction by-products) decreased almost at the same rate as the parent compound, 
indicating strong sorption of TNT or its reduction products onto the granular iron.  The 
final reduction product (2,4,6-triaminotoluene) was only found in traces.  This indicates 
that TAT may have been almost irreversibly bound to the granular surface and therefore 
not extracted during analysis (Devlin et al. 1998).  Another possibility for the low 
detectable amount of by-products in solution is that the first reduction by-products of 
TNT (2-amino-4,6-dinitrotoluene and 4-amino-2,6-dinitrotoluene) remain strongly 
adsorbed to the iron oxide surface.  The experimental Gibbs free energy reported in the 
literature (see Table 2.2) indicates the strong adsorption and the emf would make the next 
nitro reductions increasingly more difficult.  The researchers reported that the 
accumulation of amines on the surface of the iron was the main cause for the short term 
lost in iron reactivity.  The slower long term lost in reactivity may be related to the 
buildup of a less conducting hydroxide coating.   
The distribution of nitroaromatic reduction by-products in solution can be 
explained using the scheme presented in Figure 2.6.  Competition between desorption and 
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further reduction determines the degree to which intermediate transformation products 
are observed in the solution.  For example, appearance of nitrosobenzene as an 
intermediate implies that its desorption is rapid relative to its further reduction to 
hydroxylamine (the step corresponding to k-NO is rapid in comparison to that 
corresponding to k2S). 
In many of the studies reported in the literature, the specific rate constant for the 
degradation of nitroaromatic and chlorinated compounds has been determined assuming a 
pseudo-first order rate (Scherer et al, 1998).  This type of rate expression usually works at 
low concentrations of the organic.  Basically, this is the case when the concentration of 
reactive surface sites on the surface of the metal is high compared to the concentration of 
the organic.  However, experimental results from several studies using increasingly 
higher concentrations of chlorinated solvents yield saturation type rates of reaction 
(Scherer et al. 1999; Farrell et al., 2000).  Reaction rate parameters for the degradation of 
TNT by zero-valent metals using a saturation type rate expression have not been reported 
in the literarature. 
Scherrer et al. (1999) have applied the principles of heterogeneous kinetics for the 
determination of a rate law for the degradation of chlorinated solvents with some success.  
They proposed a reaction-limited mechanism for the degradation of chlorinated aliphatic 
compounds (RX) by zero-valent iron: 
 
oductsPrRXFeOHRXFeOH RXk0 →−≡⇔+≡    (13) 
 
where, 
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oFeOH≡  = metal surface 
RXFeOH −≡  = precursor complex 
Since, it has been assumed that the specific rate constant, RXk , is large compared 
to the adsorption equilibrium constant, RXK , a steady-state concentration of the precursor 
complexes ( RXFeOH −≡ ) can also be assumed.  A mole balance for a batch reactor 
results in the following expression for the rate of degradation of RX:  
[ ] [ ]RXFeOHk
dt
RXd
ARX −≡−= ρ    (14) 
where, Aρ  is the surface area concentration of the solid ( L
m2 ), which serves to convert 
surface concentration ( 2m
mol ) to an aqueous concentration (
L
mol ).  After determining the 
concentration of the precursor complex, the final expression for the rate of degradation of 
RX in batch reactor was given by: 











   (15) 





=≡ .  The term, sN  
is the number of sites per unit area and A is Avogadro’s Number.  Tratnyek’s research 
group used an estimate of 5 reactive sites per nm2 to model the dechlorination of CCl4.  
RXK  and RXk  were determined as fitting coefficients by nonlinear least-squares 
parameter adjustment of Equation 15.   
 The reactions of organics with zero-valent iron or other zero-valent metals are not 
always reaction limited.  It was mentioned earlier that the reduction by-products of 
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nitroaromatic compounds (amines) are known corrosion inhibitors which adsorb strongly 
to the surface of the iron.  Thus, desorption of these by-products from the iron may also 
limit the reaction rate.  In addition, the formation of less reactive sites or deactivation due 
to oxide layer formation needs to be taken into account during development of a reaction 
rate law.  The steps in an organic reduction by zero-valent metals are (Fogler, 1999): 
 
1. Mass transfer (diffusion) of the reactant(s) (e.g., TNT) from the bulk fluid to the 
external surface of the metal. 
2. Adsorption of the reactants onto the metal surface. 
3. Reaction on the surface of the metal (e.g., DNTATNT 6,42→ ) 
 4. Desorption of the products (e.g., DNTA 6,42 ) from the surface. 
5. Mass transfer of the products from the surface of the metal into the bulk fluid. 
 
 These steps provide the basis to develop a rate law for the overall process.  The 
approach in determining catalytic and heterogeneous mechanisms is usually termed the 
Langmuir-Hinshelwood approach, since it is derived from ideas proposed by 
Hinshelwood based on Langmuir’s principles of adsorption (Fogler, 1999).  With this 
approach, rate laws are written for each of the individual steps.  Then a rate-determining 
step is postulated and expressed in terms of measurable variables.  This is achieved using 
the steps that are not rate limiting or the pseudo-steady state hypothesis to eliminate all 
the terms associated with the surface of the catalyst.  If the rate law obtained is consistent 
with experimental observation, the steps of the reaction and the rate-determining step 
postulated, may reasonably describe what is occurring physically within the real system.   
 Metals used in the treatment of water contaminated with organics usually have a 
small surface area (non-porous).  Even though, with a metallic species, the whole surface 
area may be considered active (uniform corrosion), surface irregularities, dislocations, 
and cracks along the surface may be the more active sites (pitting and crevice corrosion).  
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Active sites in this case are sites where the organic species is adsorbed and reduced.  In 
order to develop a rate model using herogeneous catalyis principles for the degradation of 
TNT by zero-valent metals, a rate expression for each of the organic reduction steps 
described above is determined.  Then, the rate law is developed assuming that the 
reaction is either adsorption limited, reaction limited, or desorption limited.  The final 
selection of the rate law is based on the expression that best describes the experimental 
data for the degradation of TNT. 
The deactivation of zero-valent metals for use in water treatment is analogous to 
the processes of aging and poisoning in catalytic reactions.  Deactivation of a catalyst by 
aging occurs when the active surface area may be lost either by crystal agglomeration and 
growth of the catalyst deposited on a support or by narrowing or closing of the pores 
inside the catalyst pellet.  A change in the surface structure may also result from either 
surface re-crystallization or the formation or elimination of surface defects (active sites).  
Deactivation by poisoning occurs when the poisoning molecules become irreversibly 
chemisorbed to active sites; thereby, reducing the number of sites available for the main 
reaction.  Aging due to the formation of oxides and poisoning due to the irreversible 
adsorption of reduction by-products are processes that affect the activity of the zero-
valent metal during application.  Therefore, the rate of disappearance of Reactant A on a 
metal that has been utilized for a time, t, is (Fogler, 1999): 
 
( )pBAa CCCfnTktar ...,,,)()(' ××=−   (16) 
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where, 
)(ta =activity, time-dependent 
)(Tk = specific reaction rate, temperature-dependent 
fn (CA, CB, …, Cp) = function of concentration of reactants or products. 
Ci = concentration of reactants, products, or contaminants. 
 The functionality of the activity term has been determined empirically for 
numerous catalysts involved in industrial reactions (Fogler, 1999).  The activity can also 
be determined using the Integral Method, which involves assuming the decay order and 
plotting the specific combination of concentration terms as a function of time (Fogler, 
1999).  If the assumed order was correct, a line with the slope equal to the decay constant 
is obtained.  This type of experimentation is usually conducted in a differential reactor 
(Fogler, 1999).  In this research, empirical activity terms were determined for the 
degradation of TNT by zero-valent iron or zinc.  For environmental applications, the 
deactivation constant will depend on the characteristics of the specific water (pH, 
alkalinity, dissolved oxygen, etc.) and the particular contaminant or groups of 
contaminants.  However, a generalized procedure to determine the overall kinetics 
(including deactivation) of the reaction of zero-valent metals with organic pollutants will 
be very valuable for the design and optimization of this technology. 
 
Water Treatment Using Other Metallic Species 
 As can be inferred from the studies presented above, iron has become the metal of 
primary interest for water treatment because it is readily available, cheap, non-toxic and it 
rapidly degrades many chlorinated solvents and nitroaromatic compounds (Gilham, 
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1994;Wilson, 1995; Tratnyek, 1996).  These characteristics make it an excellent 
candidate for passive reactive barriers applications.  Dozens of pilot and full-scale 
operations are already treating thousands of gallons contaminated mostly with chlorinated 
alkanes and alkenes (Tratnyek, 1996).  However, there are still numerous compounds 
with significantly slow reaction kinetics, such as polychlorinated biphenyls, polycyclic 
aromatic hydrocarbons, and other aromatics, which require improvements in system 
performance.  Futhermore, most reduction by-products from these pollutants are 
potentially toxic and still need to be removed from the environment.  Metals that yield 
completely reduced by-products in a shorter reaction period, will be better candidates for 
hybrid treatment systems.  In general, the more reduced the organic, the easier to oxidize. 
 Degradation rates can be increased using metals that are stronger reducing agents 
than iron, or metal combinations that result in accelerated corrosion (Tratnyek, 1996).  
The feasibility of using a particular metal to achieve the reduction of an organic can be 
determined by the thermodynamic quantity of Gibbs Free Energy defined for 
electrochemical reactions as: 
o
rxnnFEG −=∆      (17) 
where, 
=∆G  Gibbs Free Energy, Jules 
n = number of electrons passed per atom of metal reacted 
F = charge of one mole of electrons, 96,500 Coulombs 
o
rxnE = difference between the cathodic and anodic reactions standard 
electromotive force (emf), Volts 
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The emf is the potential between metals or organic compounds exposed to 
solutions containing a unit activity of their respective ions or radicals measured at 
standard temperature (usually 25 °C).  The emf by convention is always reported as 
reduction potentials.  The negative sign in the Gibbs free energy equation is to correct for 
the actual direction of the reactions.  The sign convention implies a positive orxnE  when 
the reaction is spontaneous.  Table 2.2 shows the emf for the reactions of common 
environmental contaminants and zero-valent metals.  The reactions are more 
thermodynamically feasible to achieve using magnesium and zinc.   
Nevertheless, the reaction between the metallic species and water has to be 
considered.  Boronina and Klabunde (1995) reported that the reaction of magnesium with 
water overwhelmed the Mg-CCl4 reaction.  They investigated the degradation of CCl4 by 
magnesium, zinc, and tin.  The extent and speed of CCl4 degradation was significantly 
superior with zinc.  The CCl4 by-products of degradation using Zn were CHCl3, CH2Cl2, 
CH3Cl, CH4, traces of CO, and zinc salts.  These reaction by-products indicated a 
reaction mechanism of sequential substitution of the chloride by the hydrogen 
(hydrogenolysis).  Comparisons between studies reported in the literature have shown 
that the degradation of chlorinated solvents by zero-valent zinc is faster compared to 
zero-valent iron and tin (Archer and Harter, 1978; Gillham, 1990; Tratnyek, 1996; 
Boronina et al, 1998; Fenelly and Roberts, 1998; Scherer et al., 1998).  In addition, the 
type of metal could determine the distribution and identity of reaction by-products.  
Reduction of 1,1,1 trichloroethane with zinc produced the least amount of chlorinated by-
products compared to reduction with iron and other bi-metallic species (Fenelly and 
Roberts, 1998).   
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Grittini et al. (1995) obtained rapid dechlorination of polychlorinated biphenyls 
(PCBs) on the surface of a palladium/iron bimetallic system.  Complete dechlorination of 
Aroclor 1254 and 1260 was achieved within 5 minutes.  No degradation was observed 
with unpalladized iron.  The investigators indicated that palladium and iron have different 
contributions to the degradation mechanisms.  It was proposed that palladium acted as a 
collector of the hydrogen produced by the reaction of iron with the water.  The hydrogen 
formed accelerated the dechlorination of the PCBs.  Based on the faster production of 
hydrogen by zinc, it is likely that the degradation of PCBs could be even faster on the 
surface of a palladium/zinc system.   
The use of zinc as an alternative to iron for the reduction of more recalcitrant 
organic compounds is seldom reported in the literature.  Like iron, the reduction of 
organic compounds by zero-valent zinc depends on the zinc surface area and the surface 
conditions (Boronina et al., 1998).  The specific mechanism of degradation 
(hydrogenolysis vs. β -elimination) of aliphatic chlorinated compounds appears to 
depend on the different reactivity of surface sites (Boronina and Klabunde, 1995).  In 
either case direct contact of the organic with the metal surface is necessary for the 
electron transfer.  Thus, the same reaction steps that were presented for the reactions of 
organic compounds with iron apply to zinc.  Another similarity between the degradation 
of organics by zero valent zinc and iron is the adverse effect of adsorbed reaction by-
products and oxide formation on the rate of organic degradation.  Compared to iron, zinc 
has a larger pH range in which it is not passivated by oxide layer formation (Bryndzia, 
1986). 
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The secondary drinking water standard for zinc is 5 mg/L (EPA, 1996).  Zinc 
levels above this standard may give water a chalky appearance and bad taste (EPA, 
1996). The presence of zinc in drinking water does not generally present health risks and 
in small amounts is essential to health (EPA, 1996).  No studies have been reported on 
the degradation of nitroaromatic compounds by zinc or other metallic species besides 
iron.   
 
Oxidation of TNT Reduction By-Products Using Advenced Oxidation Processes 
 Chemical oxidation technologies, such as the combination of ultraviolet  (UV) 
light and ozone (O3), UV light and hydrogen peroxide (H2O2), and O3 and H2O2 
(peroxone), are classified as advanced oxidation processes (AOPs) (Hernandez, et al., 
2002).  Even though ozone and hydrogen peroxide are relatively strong oxidizers by 
themselves, the combination of these two oxidizers, either with each other or under 
irradiation with UV light, generates the hydroxyl radical ( •OH ), which is an even 
stronger oxidizer.  The hydroxyl radical is capable of unselectively oxidizing a wide 
variety of organic and inorganic contaminants such as chelating agents, methyl tert-butyl 
ether, toluene, and serine (Appelman, et al., 1996; Kuo and Chen, 1996; Lacheur and 
Glaze, 1996; Acero et al., 2001) 
Other techniques for the generation of the hydroxyl radical include ozonation at 
high pH (Ku et al., 1996, Kuo and Chen, 1996), the combination of peroxone and 
ultrasound (Zappi, 1995), and titanium dioxide photocatalysis (Zappi, 1995).  Table 2.3 
lists the oxidation potential of the hydroxyl radical and other common oxidizers used in 
water treatment, including hydrogen peroxide and ozone (Hernandez et al., 2002).  The 
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goal of any AOP design is to utilize and maximize the oxidizing potential of the hydroxyl 
radical, which is one of the most reactive known chemical intermediates (Himebaugh, 
1994).   
The hydroxyl radical typically attacks organic species by abstracting a hydrogen 
atom or by adding to the double bond of unsaturated molecules.  It can be consumed by 
reaction with the contaminant, inorganic constituents present in the influent matrix, 
and/or the parent oxidizers themselves (Kuo et al., 1996).  All reactions of the hydroxyl 
radical that do not result in the degradation of the contaminant are called “scavenging 
reactions”.  Acero et al. (2001) demonstrated that the alkalinity in natural waters 
adversely affected the degradation of MTBE by peroxone.  Mineral scavengers 
(bicarbonates, carbonates, etc.) present in many influents can drastically reduce the 
efficiency of pollutant oxidation in direct proportion to their concentrations via the 
reactions (Duguet et al., 1989; Lacheur and Glaze, 1996): 
    33 HCOOHHCOOH
•−−• +→+    (18) 
    OH CO OH CO• − − • −+ → +3
2
3    (19) 
    OH PO OH PO• − − • −+ → +4
3
4
2    (20) 
 It has been also observed that reduced cations (e.g., iron) and excessive amounts 
of the primary oxidizers (e.g., ozone and hydrogen peroxide) can serve as significant 
scavengers of the hydroxyl radical (Zappi, 1995; Hong et al., 1996).  There is an 
optimum dose for each oxidizer added and stoichiometric mass ratio for systems, such as 
peroxone, that use two or more chemical oxidizers.  It is difficult to add an excessive 
amounts of ozone due to mass transfer limitations caused by the low ozone solubility in 
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water, fast reaction kinetics, and the limitations of current ozone generators.  However, 
an excessive amount of hydrogen peroxide, a fully miscible liquid in water, can be added; 
thereby, serving as a potential scavenging source (Guittonneau et al., 1990; Kawaguchi, 
1993; Zappi, 1995; Hong et al., 1996). 
 In this study, ozonation and peroxone were used to oxidize the reduction by-
products generated from the reaction of TNT with zero-valent metals.  Generally, the use 
of zero-valent metals for the degradation of contaminated water results in a pH increase.  
This is caused by the reduction of water, which generates hydrogen and the hydroxide 
ion.  Ozonation as the second treatment step could favorably complement the reduction 
step since the hydroxyl radical is generated when ozone is present at high pH values.  The 
mechanisms for the generation of the hydroxyl radical by ozonation at high pH and 
peroxone are similar.  The formation of the hydroxyl radical by ozonation at high pH is 
as follows (Zappi, 1995; Hernandez et al., 2002): 
O HO HO O3 2 2+ → +
− −
    (21) 
 
    O HO HO O O3 2 2 2+ → + +
− • • −    (22) 
 
    O O O O3 2 3 2+ → +
•− •−     (23) 
 
    O H O HO OH O3 2 2
•− • −+ → + +    (24) 
 Staehelin and Hoigne (1982) suggested that the mechanisms for the 
decomposition of ozone in the presence of hydrogen peroxide is based firstly on the 
dissociation of hydrogen peroxide as follows: 
H O H O H O HO2 2 2 3 2+ ⇔ +
+ −    (25) 
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 Once dissociated, the −2HO  reacts with ozone to form a variety of other products 
including the hydroxyl radical.  The reaction rate constant, 
223 OHO
k − , for O3 reacting with 
−
2HO  was calculated by Staehelin and Hoigne (1982) as approximately 
116108.2 −−× sM .  
Three ozone molecules are consumed for the formation of one molecule of the hydroxyl 
radical during ozonation at high pH.  Peroxone forms the hydroxyl radical more 
efficiently by consuming only two ozone molecules per molecule of hydroxyl radical 
formed.  In addition, the decomposition of H2O2 into −2HO  makes the concentration of 
this intermediate ion  (responsible for the formation of the hydroxyl radical) during the 
peroxone reaction significantly larger than ozonation at high pH.  Simply increasing the 
concentration of hydrogen peroxide can increase the formation of this ion in solution.  
However, as mentioned earlier, at relatively high concentrations, hydrogen peroxide acts 
as a hydroxyl radical scavenger (Hong et al., 1996).  An optimum mass ratio of hydrogen 
peroxide to ozone exists for the degradation of a particular contaminant, which depends 
on the reactivity of the contaminant of concern toward the hydroxyl radical (Zappi, 
1995).   
 Spangord et al. (1997) studied the reaction of 2-amino-4,6-dinitrotoluene (2-
ADNT) and 4-amino-2,6 dinitrotoluene (4-ADNT) with ozone and the hydroxyl radical.  
These species are two well-known TNT reduction by-products from the reaction of TNT 
with zero- valent metals.  The half-life of these compounds in the presence of ozone or 
ozone and hydrogen peroxide was found to be extremely short.  Spangord et al. 
determined second order rate constants of 5104.1 ×  and 119109.1 −−× sM  for the reaction 
of 2-ADNT with ozone and the hydroxyl radical, respectively.  The same order of 
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magnitude values were obtained for 4-ADNT.  Even though the reaction of the hydroxyl 
radical with 2-ADNT or 4-ADNT is much faster than with ozone, the steady-state 
hydroxyl radical concentration is very small (10-11 to 10 –14 M).  This oxidative pathway 
cannot compete with ozone for ADNT in pure water systems.  At extremely low ADNT 
concentrations (ppb), the hydroxyl radical oxidation pathway will be competitive with 
direct ozonation. 
Products resulting from the oxidation of 2-ADNT include glyoxylic acid, pyruvic 
acid, glyoxal, and pyruvic aldehyde (Spangord et al., 1997).  The structures of these 
components are shown in Figure 2.7.  These oxidation by-products were even more 
reactive toward ozone or the hydroxyl radical than the parent compounds.  The 4-ADNT 
showed a similar set of carbonyl containing products, but glyoxal was not observed.  The 
nitrogen in both cases was converted to nitrite and nitrate.  For both compounds, there are 
still numerous products that have not been identified.  The chromatography and UV 
spectral properties of these un-identified products suggested that they contain multiple 
carbonyl groups.  The main carboxylic acids formed from the oxidation of 2-ADNT and 
4-ADNT are innocuous.  Nevertheless, if AOPs are going to be used to treat TNT 
reduction by-products, as part of an integrated technology to treat water contaminated 
with TNT, the evaluation of the toxicity of the final effluent containing known and 
unknown carboxylic acids is essential. 
 Lacheur and Glaze (1996) also detected the formation of glyoxal and glyoxylic 
acid during ozonation of the amino acid serine.  Nitrate was formed almost quantitatively 
in this reaction.  Ammonia analysis showed no formation of ammonia during the 
ozonation.  During reaction within the peroxone system, the nitrogen in the consumed 
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serine was almost exclusively converted to ammonia.  In this case, ketomalonic and 
oxalic acid were the measured stable organic by-products.  The nonspecific nature of 
radical reactions likely precluded the buildup of a broad range or organic intermediates. 
 Baozhen and Jun (1986) studied ozonation for removal of five aromatic nitro-
compounds from water.  Nitroaromatic species evaluated were nitrobenzene, p-
dinitrotoluene, m-dinitrobenzene, p-nitrotoluene, and p-nitroaniline at concentration 
ranging from 10,000 ug/L to 16,100 ug/L.  They presented their results by ranking the 
nitroaromatics in order of susceptibility to ozonation treatment based on ozonation effect 
index analysis as: p-nitroaniline > nitrobenzene > p-nitrobenzene > p-nitrotoluene > m-
dinitrobenzene.  The amino group is an electron releasing species.  In contrast to the nitro 
group, which is an electron-accepting group.  It is reasonable to expect aromatic 
compounds with amino groups attached to the benzene ring will oxidize easier than those 
with nitro groups.   
 
Summary 
 Zero-valent metals react with TNT to form a variety of amino compounds such as 
2-ADNT and 4-ADNT.  Past studies have demonstrated that these compounds can be 
easily oxidized.  These studies provide a strong basis for evaluating the combination of 
zero-valent metals and ozonation or peroxone to treat water contaminated with TNT. 
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Table 2.1. Selected electronic properties of iron oxides 
Oxide Formula EBG (eV) 
Maghemite 43OFe  2.03 
Goethite FeOOH−α  2.10 
Magnetite 43OFe  0.11 
Lepidocrocite FeOOH−γ  2.06 
Feroxyhyte FeOOH−δ  1.94 
EBG = energy necessary to excite an electron from the valence band to the conduction 
band. 
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Table 2.2. orxE  of common groundwater pollutants with zero-valent metallic species. 
Organic ( ocE , V) Zn (
o
aE =-0.7618 V)
c Fe ( oaE =-0.447)







rx EEE −= , V 
TNT (-0.300)a 0.461 0.147 2.072 
2-ADNT (-0.390)a 0.371 0.057 1.982 
4-ADNT (-0.430)a 0.331 0.017 1.942 
2,4-DANT (-0.515)a 0.246 -0.068 1.857 
2,6-DANT (-0.495)a 0.266 -0.048 1.877 
Nitrobenzene  
(-0.55)a 
0.211 -0.103 1.822 
1,3-Dinitrobenzene 
(-0.63)b 
0.131 -0.183 1.742 
Tetrachlorocarbon 
(0.720 )b 
1.482 1.167 3.092 
a Hofstetter et al., 2000 
b Agrawal and Tratnyek, 1996 
c Lide, 1996 
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Table 2.3. Thermodynamic oxidation potential of common oxidation  
  agents used in water treatment (Hernandez, et. al.,2002). 
 
 
COMPARATIVE OXIDATION POTENTIALS 
Species Volts 
Hydroxyl radical 2.8 
Ozone 2.1 
Hydrogen peroxide 1.8 
Potassium permanganate 1.7 
Hypochlorous acid 1.5 
Chlorine dioxide 1.5 
Chlorine 1.4 
Oxygen 1.2 
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Figure 2.1. Schematic representation and transformation pathways of common iron 
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Figure 2.2. Conceptual models of processes that may be involved in the reduction of 
chlorinated aliphatics ( RHRX → ) and other organics at the iron-oxide-
water interface:  (a) passivated electrode, (b) semiconductor surface, and 
(c) coordinating surface.  EF, ECB, and EVB refer to the Fermi, conduction 
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Figure 2.4. Schematic diagram showing the various possible transformation pathways 
of nitrobenzene in reducing environments.  Downward arrows indicate a 
reduction reaction, and right-facing arrows indicate condensations.  The 
dominant reduction pathway of the nitro group to its amino equivalent 














































































































Figure 2.6. Scheme showing competing sequences of substrate adsorption and 
reduction at a metal surface.  The dotted arrows represent the solution 
phase and the solid arrows represent the metal surface (Note: ads = 
adsorption and aq = aqueous). 
ArNO2 (ads) ArNO2 (aq)
k+NO2
k-NO2
ArNO (ads) ArNO (aq)
k+NO
k-NO

























































RESEARCH HYPOTHESES AND STUDY OBJECTIVES
This study evaluates the potential integration of zero-valent metallic species and
advanced oxidation for the treatment of waters contaminated with TNT.  The idea is to avoid
the formation of TNB when advanced oxidation is used as a stand-alone treatment
technology by reducing TNT prior to oxidation.  The use of zero-valent metals as the first
treatment step could transform TNT into mainly amino, diamino, and triaminotoluenes
(Agrawal and Tratnyek, 1996; Walker and Kaplan, 1992) which are easily oxidized
(Hofstetter, et al., 1999; Spanggord, et al., 1997).  Thus, the amount of ozone and/or
hydrogen peroxide necessary for the oxidation of TNT reduced by-products and required
reactor volumes will be significantly lower, compared to the amounts necessary for the
complete oxidation of TNT (beyond TNB) using oxidation as a stand alone technology.
Additionally, the cost of metals like iron is low, since it can be purchased as scrap metal.
It is expected that the integrated systems will reduce overall treatment times and cost
significantly.  
Figure 3.1 shows the envisioned integrated technology as would be applied in the
field.  The system integrates two off-the-shelf water treatment techniques.  It has been
demonstrated that the peroxone technology is cost competitive with activated carbon and UV
based AOPs for the treatment of TNT contaminated waters (Zappi, 1998).  Moreover, zero-
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valent iron has been successfully applied for the treatment of waters contaminated with
chlorinated organic compounds (Wilson, 1995, and Tratnyek, 1996).  However, there are
several mechanistic issues of the zero-valent metal technology that need better understanding
in order to maximize water treatment efficiency.  Most of the studies in the literature focus
on the degradation of the contaminant.  However, the formation of oxides on the surface of
the metalic species may have an impact on the long term performance of the metal.  Simple
alternatives to recover the activity of the metal will be essential for the cost efficient
continuous operation of exsitu, and insitu applications.  In the latter, the metal is burried and
further access to the metal is practically impossible.  Another issue that needs to be resolved
is the determination of rate constants using the principles of heterogeneous kinetics.  There
are no studies reported in the literature using the fundamental heterogeneous kinetics to
determine the rate constant for the reaction of TNT with zero-valent metals.  
Study Objectives
The main objective of this study is to develop an integrated process to treat TNT
contaminated waters using zero-valent metals and an oxidation process.  This approach
should eliminate the formation of persistent by-products of incomplete TNT degradation
associated with the employment of either process as stand alone treatment techniques.  This
study will examine the performance of zero valent metallic species like zinc, iron, nickel,
copper, and tin as the first step of the proposed "hybrid" system for treating TNT
contaminated water.  Ozonation and peroxone will be evaluated as the second treatment step;
thus, the TNT is partially reduced in the first step, followed by oxidation to mineralization
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in the second step.
The secondary objectives of this research are to:
a. Evaluate the effectiveness of zinc, iron, nickel copper, and tin as TNT reducing
agents.
b. Evaluate the reduction mechanisms (pathway) and associated by-products of
TNT reduction using selected zero valent metals.  
c. Evaluate the effect of corrosion promoters on the degradation TNT by zero
valent metals.
d. Develop a kinetic model for the degradation of TNT by zero valent metallic
species.  
e. Examine the long term performance of selected zero-valent metallic species for
the treatment of TNT contaminated water.
f. Investigate alternatives to recover the activity of the metal towards TNT
degradation.
g. Optimize the oxidation of the TNT reduction by-products using peroxone or
ozonation.
h. Determine the degree of mineralization obtainable using selected integrated
process approaches.
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Reduction Step Oxidation Step
H2O2H2O2H2O2 O3 O3 O3 
Oxidation
ColumnsMetal Canisters
Aquifer containing TNT contaminated water
Figure 3.1. Conceptualized integration of reduction by zero-valent metals and advanced oxidation for the




This study was approached through performance of several experimental phases.
These phases are listed below with a brief summary describing each phase:
I. Screening Phase - This phase screened different zero-valent metals for their
relative ability to degrade TNT in water.  The metals showing significant
TNT degradation were selected for further evaluation by tracking the
following parameters of TNT degradation:  initial pH, volumetric flow rate,
initial TNT concentration, metal concentration, and dissolved oxygen.
II. Effect of a Corrosion Promoter on the Degradation of TNT - Chlorides are
known to increase the rate of corrosion of metallic species in aqueous
environments (Fontana, 1986).  Since the corrosion reaction is coupled to the
TNT reduction, chloride (KCl or NaCl ) was added to the TNT test solution
to examine the effect on TNT degradation.  The best performing zero-valent
metals in terms of TNT degradation in Phase I were selected for use in this
phase.
III. Aging and Rejuvenation Phase - The long term performance of the selected
metals in Phase I was evaluated by repeating experiments four or five times
using the same metal and different TNT test solutions.  Then, ozonation,
peroxone, and addition of potassium chloride were evaluated as techniques
to recover the activity of the metal for further reaction with TNT.  During the
aging experiments, TNT reduction by-products were identified and compared
to the TNT degradation pathway presented in the literature (Walker and
Kaplan, 1992).
IV. Kinetic Studies Phase- A rate expression for the reaction of TNT with the
zero-valent metals selected in Phase I was developed using the principles of
heterogeneous kinetics.  The rate expression included an aging function that
takes into consideration the loss in reactive sites over reaction time.
V. Integration Phase - Experiments were conducted in which the water treated
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with the selected metals from Phase I, was further treated using peroxone or
ozonation.  Potassium chloride was added to the TNT test solutions to
accelerate the reduction reaction, and degrade 100% of the initial TNT prior
to the oxidation step.  Total organic carbon (TOC) removal was used as the
variable that determined the efficiency of the different peroxone and
ozonation scenarios evaluated.  
Test Influents and Metallic Species
The TNT test solutions were prepared by solubilizing TNT into distilled water.  The
TNT was purchased from Chem Service Inc., West Chester, Pennsylvania.  The purity of the
TNT was 99%.  For safety considerations, Chem Service delivers TNT with a minimum of
30% moisture.  Two zincs, one manufactured by Sigma-Aldrich, Inc., and the other by Fisher
Scientific Inc., were used in this study.  These two zincs had different particles shapes and
appearance.  The purpose of using different zinc was to evaluate the effect of metal surface
condition on TNT degradation.  The other zero-valent metals were iron, copper, and tin, all
manufactured by Sigma-Aldrich Inc., and nickel marketed by Alfa Aesar, Inc.  Except in
experiments in which the surface of the metallic species was acid washed to remove surface
oxides, all the metals were used as delivered.
The metals were acid washed to remove surface oxides and other impurities using
a 3 percent (v/v) hydrochloric acid solution.  The 3 percent hydrochloric acid solution was
prepared by dilution of a concentrated 12.1 N ACS Plus hydrochloric acid marketed by
Fisher Scientific, Inc.  The hydrochloric acid solution was sparged for 20 minutes with high
purity nitrogen to remove dissolved oxygen and to avoid formation of oxides during acid
washing of the metal.  Six grams of each metal were placed in an amber 20 ml vial.  Then,
10 ml of the hydrochloric acid solution were added, and the vial capped and shaken for 20
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minutes at 250 RPM using a Bigger Bill brand shaker table marketed by Cole Palmer, Inc.
The metals were then rinsed twice with 10 ml deoxygenated distilled water for 20 minutes
to remove chlorides adsorbed onto the surfaces.  Finally, the metals were dried by rinsing
with methanol followed by evaporation of the methanol using a high purity nitrogen stream.
The acid washed metals were left over night under a nitrogen atmosphere and used the next
day in experiments to study the effect of surface pre-treatment on the degradation of TNT.
A broad range of TNT and metal concentrations were evaluated.  Concentrations as
high as 70 mg TNT/L and 10 g metal/L and as low as 1 mg TNT/L and 4 g metal/L were
tested to determine the specific reaction rate and overall rate expression for the degradation
of TNT by zero-valent metals.  The 1 mg TNT /L test solution and other intermediate
concentrations were prepared by diluting the 70 mg TNT/L stock solution.  
The 70 mg/L TNT stock solution was produced by partially mixing hydrated
crystalline TNT with the proper proportions of distilled water in several 2 L volumetric
flasks using a magnetic stirrer (Fisher Scientific Brand).  The volumetric flasks were
completely covered with black plastic bags to prevent photolytic degradation of the TNT
during mixing.  Complete dissolution of the TNT crystals into distilled water typically took
over three days (Zappi, 1995).  Therefore, the solutions were mixed for over seven days to
ensure complete dissolution of the TNT into the water.  All TNT test solutions were vacuum
filtered via passage through a glass fiber filter (Pall Brand) before each experiment. 
The effect of pH on the degradation of TNT was evaluated by either adding
concentrated  sulfuric acid or sodium hydroxide to the TNT test solutions.  One drop of 3 N
sulfuric acid or 3 N sodium hydroxide, both purchased from HACH Corporation, added to
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500 milliliters of TNT test solution resulted in an initial pH of 4 or 10, respectively.  For an
initial pH of 4 and 10, the final pH using Fisher zinc was 6.0 and 10.16.  Iron was not
evaluated using an initial pH of 10, but when the initial pH was 4, the final pH was 6.354.
The initial pH of the TNT test solutions without acid or base  additions ranged from 6.8 to
7.8, depending on the initial TNT and/or dissolved oxygen concentrations.  The final pH was
between 9.0 and 9.5.  No buffers were added to control the pH to avoid chemical interactions
between the buffers and the metal surfaces. Buffers based on borates, phosphates, or
carbonates have been known to interact with zero-valent metal surfaces, forming precipitates
that may adversely affect the degradation of the compounds of interest (Agrawal and
Tratnyek, 1996; Farrel et al., 2000).
Reactor Systems
Most of the experiments were conducted using two identical reactors that are shown
in Figure 4.1.  All the experiments were run in duplicate.  The reactors were purchased from
Ace Glass Inc., Vineland, New Jersey, and had a 500 ml working volume.  The glass
columns were also purchased from Ace Glass Inc., and had a length of 30 cm and an internal
diameter of one centimeter.  The column was connected on the outlet side of the reactor
using Nalgene 890 Teflon tubing (Fisher Scientific, Inc.).  The tubing has 0.25 inch outside
diameter.  The inlet side of the column was connected to a Cole Palmer Inc. pump (Model
7553-20).  The pump was calibrated prior to beginning the study and several times during
the study by measuring the volume delivered over thirty seconds into a graduated cylinder
at different set points.  Figure 4.2 illustrates an example plot of volumetric flow rate versus
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set point prepared as a calibration curve.  The MasterFlex pump head (Model 7518-10) used
was also purchased from Cole Palmer Inc. as well as the TygonTM extended life silicon
tubing used with the pump head.  The pump and the reactor were connected to complete a
closed loop.  Teflon fittings were used for all the connections in contact with the test
solution, except the small piece of TygonTM extended life silicon tubing used within the
pump head.  This type of tubing allows for the continuous recirculation of solution for more
than six hours without leakage or breakage.
The reactor was equipped with five openings.  Two were used as inlet and outlet for
introduction and removal of TNT solutions.  One was used as a port for a Corning brand
plastic combination pH electrode with sealed Ag/AgCl reference electrode (Fisher Scientific,
Inc.).  This electrode was 10 inches long.  As for the other two openings: one served as a
sample port using a septum adapter, and the other was used for sparging nitrogen during the
anaerobic experiments by immersion of a glass gas dispersion tube with a fritted cylinder
(Fisher Scientific, Inc.).
During most of the experiments, 500 ml of the TNT test solution were mixed and
sparged with high purity nitrogen for 30 minutes prior to beginning the experiment to obtain
anaerobic conditions, which were defined as less than 0.5 mg/L of dissolved oxygen in the
solution.  The concentration of dissolved oxygen was measured with an Orion DO probe and
an Orion meter (Model 842).  Mixing within the reactor was accomplished through the use
of a magnetic stir bar placed on the reactor bottom and the whole unit placed onto a stir
plate.  The column was filled with glass beads, crushed glass, and thin layers (2 grams) of
metal used as received or acid washed (depending on the experiment).  The glass beads were
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purchased from Fisher Scientific, Inc.  The crushed glass was prepared by crushing the glass
beads with a DAKE hydraulic press.  The column was loaded with crushed glass and glass
beads using a glass funnel.  All metal layers were placed in between two crushed glass layers
approximately three centimeters of height.  The crushed glass layers were held in place using
hollow glass beads.  
Once the column was prepared, it was connected to the pump and the reactor.  At this
point, the column was also flushed with nitrogen or oxygen during the removal or addition
of oxygen into the test solutions (depending on test objectives).  After 30 minutes of
sparging with either nitrogen or oxygen, the glass gas dispersion tube was removed from the
reactor and this opening closed with a solid Teflon stopper.  Then, a sample from the reactor
solution was collected and the experiment initiated by turning the pump on at a specified set
point.  For all experimetal phases, samples were collected at pre-determined time intervals
for TNT and amine analysis.  Some of the samples collected were analyzed by GC/MS in
scan mode for possible identification of unknown by-products.  At the end of the experiment,
the metal was extracted by either flushing the column with methanol or recovering the metal
from the column and immersing it in 10 ml of methanol or acetonitrile in a beaker, which
was then placed in a Branson ultrasonic bath (Model 3510) for ten minutes.  A sample of the
extract was then collected for TNT and its reaction by-product analysis (the analysis of the
extract indicates the amount of TNT and by-product adsorbed onto the metal).
In experiments where the effect of dissolved oxygen concentration was examined,
the test solution was either used as is with a dissolved oxygen concentration of
approximately 9 mg/L or sparged with a gas mixture containing approximately 95% oxygen
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for thirty minutes.  The latter resulted in an initial dissolved oxygen concentration of
approximately 45 mg/L.  The oxygen enriched air was obtained using an ozone generator
manufactured by Ozonology, Inc., Illinois, Chicago.  This ozone generator is equipped with
an air separation unit (AirSep Model AS-12) capable of producing a gas stream with 95%
oxygen (the balance being nitrogen).  
In experiments that required the addition of potassium or sodium chloride, the salts
were added  five minutes before the end of the sparging period.  A 3 M potassium chloride
solution was purchased from Fisher Scientific Inc. and used as received.  In the case of
sodium chloride, the 3 M solution was prepared in the laboratory by mixing the proper
amount of ACS grade sodium chloride (Fisher Scientific, Inc.) with distilled water.  The
dissolution of zinc in the presence of potassium chloride was evaluated by measuring the
zinc ion concentration in solution during one of the TNT degradation experiments.  An
experiment with potassium chloride was selected because it was suspected that potassium
chloride significantly increased zinc dissolution and the presence of potassium chloride
provided a worst case scenario.  The dissolution of zinc is important because of concerns
about zinc toxicity and regulation levels in water.
A control experiment was conducted to determine the amount of TNT adsorbed by
the reactor configuration (no metallic species).  A 20 mg /L TNT solution was recirculated
throughout the system for 2 hours.  Initial and final samples were collected and analyzed for
TNT.  This experiment demonstrated that the glass beads, crush glass, teflon tubing, and
TygonTM tubing (extended life silicon) adsorbed a negligible amount of TNT from the 20
mg/L solution (3.54%).  A similar control experiment was conducted to determine the
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disappearance of TNT in the presence of potassium chloride (no metallic species present).
In this experiment, 3 mM of potassium chloride were added into the TNT solution, which
was then recirculated throughout the system for two hours.  In this case, 5.79% (by weight)
of the initial TNT was removed from the system.  The TNT removed during this experiment
was likely due to adsorption.  It was concluded that no reaction occur between TNT and
KCl. 
For the aging experiments, the identical six hour experiment was conducted over the course
of four or five days using the same metal specimen.  In other words, the same metal was
exposed to fresh TNT solution every day.  At the end of each day, the column containing the
metal was flushed with either methanol or deoxygenated distilled water for five minutes. The
column containing the reacted metal was left over night under a nitrogen atmosphere.  The
rejuvenation alternatives evaluated were ozonation, peroxone, and addition of potassium
chloride to the test solutions.
The use of ozonation as a rejuvenation alternatives consisted of flushing the column
at the end of Day 4 of an aging experiment with 500 ml of ozonated distilled water.  The
initial ozone concentration of the ozonated water was approximately 5.5 mg/L.  This
concentration was measured just before the start of the experiment.  The ozone was
generated using the oxygen-fed ozone generator described previously.  The water was
ozonated for five minutes in a reactor identical to the one used for the experiments.
Ozonation was performed under a laboratory fume hood due to safety concerns with release
of residual ozone into the ambient laboratory air.  All gases exiting the ozonation reactor
were passed through a glass bottle filled with Carulite 200 (catalyst for ozone destruction)
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prior to venting the gases through the fume hood.  
After five minutes of ozonation, all reactor openings were capped with Teflon
stoppers, taken out of the fume hood, and connected to the column containing the metal in
exchange for the reactor containing the degraded TNT test solution.  The column was
flushed for five minutes at the same flowrate used during the aging experiment.  At the end
of the five minutes, the column containing the metal was flushed with deoxygenated distilled
water for five minutes as described previously, and the metal left under a nitrogen
atmosphere.  The next day, the effect of ozonation on TNT degradation was evaluated by
conducting an experiment with the same metal and fresh TNT test solution.  The same
procedure was followed when peroxone was used as the rejuvenation alternative, except that
hydrogen peroxide was directly added to the ozonated distilled water.  The amount of
hydrogen peroxide added resulted in an initial unreacted concentration, prior to flushing the
column, of approximately 100 mg/L.
The effect of potassium chloride was examined by adding 0.5 ml of a 3.0 mol/L
potassium chloride solution to the fresh TNT test solution prepared for the Day 5
Experiment.  In addition to metal extraction with methanol or acetonitrile, the metal was
collected during selected experiments and the surface characterized by scanning electron
microscopy (SEM), X-ray energy dispersive spectrometry (EDS), and X-ray photoelectron
spectroscopy (XPS).  These X-ray techniques were also used to characterize the initial  metal
surface in terms of elemental composition and morphology.
During the Integration Phase (Phase V), the water treated with the zero-valent
metallic species was further treated using either ozonation or peroxone.  In order to
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accelerate the degradation of TNT during the reduction step, 0.5 ml of the 3 molar potassium
chloride solution was added to the initial TNT test solutions.  The reactor used for the
reduction step was transferred into the fume hood and connected to the ozone generator.
Figure 4.3 illustrates the reactor configuration used for these studies.  The ozone generator
used in this study was equipped with full turndown capability.  Turndown allows for the
generation of oxygen enriched air with varying amounts of ozone by controlling the voltage
gradient across the corona tubes.  The ozone concentrations of the inlet gas into the reactor
and outlet gas from the reactor were measured using a PCI Model HC-1 ozone analyzer,
which utilizes a photoionizing UV detector system.  The percent ozone was calculated by
comparison to an assumed zero-level gas source.  The zero-level gas source for this study
was the oxygen enriched stream produced from the ozone generator with the corona
discharge turned off.  The zero-level gas was passed through the PCI monitor at 2.5 standard
cubic feet per hour (scfh).
The voltage necessary for the generation of a specific ozone concentration at the gas
volumetric flow rate used during the experiment was determined before each run by
connecting the ozone generator directly to the ozone monitor and adjusting the voltage and
flow rate.  Gas flow into the reactor was controlled using a rotameter with regulatory
capability mounted on the ozone generator.  The volumetric flow rate of gas into the reactor
for this study was maintained at approximately 2.5 scfh (1.2 L/min) and was continuously
supplied into the reactors during all experiments involving ozone addition.  Carulite 200 was
used for exhaust ozone destruction.  The ozone demand during the peroxone and ozonation
experiments was calculated by subtracting the residual ozone in solution from the ozone
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transferred dose.  Ozone mass rates into and out of the reactor were determined by analysis
of the inlet and outlet reactor gases using the ozone monitor.  
In order to evaluate the efficiency of the oxidation experiments toward mineralization
using ozonation or peroxone, the degradation of total organic carbon (TOC) was used as the
measured parameter.  Even though the formation of 2-ADNT and 4-ADNT was
demonstrated from the aging experiments, the concentration of these species in solution was
almost undetectable.  Additionally, the TOC provides an effective measurement of the
mineralization of TNT and its intermediates (both reduction and oxidation derived).
Targeted hydrogen peroxide concentrations used during the peroxone experiments
were dosed into the reactor using a 30 percent (w/w) hydrogen peroxide stock solution.
Dilution was accomplished by addition of appropriate amounts of the stock solution into the
test solutions within the reactor.  Hydrogen peroxide was either batch added at the initiation
of testing without subsequent input during the experiments or semi-batch added several
times during the course of the experiment.  The idea of semi-batch additions of the hydrogen
peroxide was to maintain a fairly constant hydrogen peroxide to ozone mass ratio.  The first
technique of introducing hydrogen peroxide resulted in experiments that were batch with
respect to TOC and hydrogen peroxide and continuous with respect to ozone.  During the
second technique used, the experiments were batch with respect to TOC, semi-continuous
with respect to hydrogen peroxide and continuous with respect to ozone.  The experiments
were not considered initiated until the hydrogen peroxide dosed TNT solutions were sparged
with ozone; thereby, initiating the radical production reactions.  Samples for hydrogen
peroxide and ozone analysis were collected at various test times in pre-cleaned 40 ml
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beakers. 
Samples for TOC analysis were collected from the reactor at predetermined time
intervals to evaluate the efficiency of the oxidation process in terms of TNT mineralization.
During each sampling event, approximately 5 ml of sample were removed and stored in 7
ml TOC vials.  The caps of the TOC vials are make of polyethylene with a Teflon septa.  In
addition to the caps, the top of each vial was covered with parafilm paper to minimize
diffusion of gases into the solution.  In most cases, samples were analyzed the same day they
were collected.  In a few cases, they were refrigerated at 4 /C for no more than seven days
before TOC analysis.  Catalase, an enzyme commonly added during peroxone testing
experiments to prevent further oxidation of the samples after collection (Zappi, 1995), was
not added since it interferes with TOC analysis.  Therefore, it was assumed that the
mineralization caused by the oxidizers left in the treated water was not significant. If the
concentration of oxidizers that remained in solution after sample collection would have had
a significant impact on the degradation of TOC from solution, samples collected from
experiments using relatively high oxidizer concentration would have yielded the largest TOC
removals.  Results showed that, in general, the largest mineralization was obtained using the
lower concentrations of oxidizers.  Thus, the assumption of insignificant effect of the
oxidizers left in the collected samples was reasonable.
Effluent pH was measured each time a sample was collected.  All the experiments
were conducted at ambient temperature ( 20 /C).  The TOC vials were reused by washing≈
with water and soap, rinsed several times with tap water, soaked overnight in a 2 M nitric
acid solution, rinsed several times with distilled water, and finally, oven dried at 100 /C. 
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Some of the experiments were conducted in 125 ml amber Erlenmeyer flasks.  The effect of
mixing rate on TNT degradation using Sigma zinc was examined in this reactor.  The  TNT
solutions were sparged with nitrogen in a 1000 ml glass container to remove the dissolved
oxygen from solution.  Then, under a nitrogen atmosphere, 50 ml of oxygen free TNT
solution was placed into each of ten reactors on a Bigger Bill brand shaker table using a 50
ml glass syringe.  The shaker table had the capability to adjust the revolutions per minute
(RPM) from 25 to 300.  In order to initialize the experiment, an amount of metal to achieve
the targeted metal concentration was added to each of the reactor under a nitrogen
atmosphere.  The effect of the mixing rate on TNT degradation was measured following the
time course disappearance of TNT at different RPMs.  Each reactor was removed from the
shaker at specific times and the solutions analyzed for TNT.
Analytical Methods
pH
The pH of the reactor solutions was monitored using a Corning brand pH meter
equipped with a plastic pH electrode.  All the experiments were conducted at an ambient
temperature of approximately 20 /C.  A three point calibration was conducted using buffer
solutions of pH 4, 7, and 10.
TNT and By-products
TNT and its reduction by-products were analyzed using high performance liquid
chromatography (HPLC) as described by USEPA Analytical Method 8330 (USEPA, 1991).
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The equipment consisted of a Hewlett Packard Model 1100 system equipped with a
quarternary pump (Model G1311A), degasser (Model G1322A), auto sampler (Model
G1313A), and UV diode array detector (Model G1315A).  The HPLC was controlled by
computer using the Chem Station software marketed by Agilent..  
Two columns with corresponding guard columns were used for explosive analysis
during the study.  During the first half of the study, a Hypersyl-BDS C18 (marketed by
Agilent) was installed as the separation media.  However, the Supelcosyl-LC8 (marketed by
Supelco) provided better separation of the 2-ADNT and 4-ADNT; therefore, the analysis
during the last half of the study was conducted using this column.  In both cases, peaks were
identified by comparison with the retention times of standard compounds, and concentrations
were determined from peak areas by comparison to standard curves.  Standard curves were
prepared by diluting a standard mixture of explosives with a certified concentration of 100
mg/L.  This mixture (Mix A EPA 8330) is prepared and marketed by Supelco.  The amount
of sample injected for analysis was 10 uL.  Samples analyzed with the Supelcosyl column
were ran isocratically for 30 minutes with an 18 percent isopropanol balance distilled water
mixture.  The elution rate in this case was 1.5 ml/min.  The Hypersyl column was eluted with
a methanol/water solvent gradient.  The initial concentration of the eluent phase was 30
percent (v/v) methanol.  The analysis ran for 30 minutes.  The final concentration of the
eluent was 80 percent methanol.  The elution rate was 0.72 ml/minute.  The detection limit
was taken as the lowest concentration of a standard that resulted in a measured signal.  For
the case of TNT the detection limit was 0.193 mg/L.  The detection limit for 2ADANT,
4ADANT, and 2,4DANT was 0.391 mg/L.
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Unknown Organics Identification
Gas chromatography mass spectrometry (GC/MS) analysis was conducted with an
Agilent 6890 unit.  The instrument is equipped with an auto sampler (Model G2614),
injector (G2613), oven and controller (Model G1530A), and mass selective detector (Model
G2579A).  The column installed for the analysis of the selected samples was an HP-5MS
Siloxane capillary column with dimensions of 30 m (length), 0.25 mm (outside diameter),
and 0.25 um (film thickness).  Table 4.1 presents the GC operating conditions during sample
analysis.  The GC/MS system was also controlled by computer using the Chem Station
software marketed by Agilent.  The GC/MS software included the Wiley Spectral LibraryTM
that was used to identify significant unknown peaks.  The library contains mass spectra for
several thousand organic compounds.  Unknown compounds often can be identified by
matching their mass spectra with those contained in the library.
TOC
TOC analysis was performed using a Shimadzu TOC 5000A system.  The instrument
is equipped with an auto sampler (ASI-5000A ).  The instrument is controlled via computer
using a TOC Control program supplied by Shimadzu.  Similar to the HPLC analysis,
concentrations were determined from peak areas by comparison to standard curves.  In order
to determine TOC, two kinds of calibration curves are necessary: one for total carbon (TC)
and one for inorganic carbon (IC).  By definition, the difference between TC and IC is the
TOC.  The calibration curve for TC was prepared using serial dilutions of a 100 mg/L carbon
standard.  The 100 mg/L carbon standard was obtained by measuring 0.0212 g of reagent
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grade potassium hydrogen phthalate in a 100 ml volumetric flask and adding distilled and
deionized water to the marked line.  For the preparation of the IC calibration curve, the
amounts and compounds used were 0.035 g of reaction grade sodium bicarbonate and 0.0441
g sodium carbonate, which resulted in 100 mg/L carbon.  Since the lowest concentration of
the standards used was 10 mg/L and the intercept of the calibration curves (TC and IC) was
set to zero, no specific detection limit was determined for TOC analysis.
Oxidizers analysis
Different reagents were added for hydrogen peroxide or ozone analysis.  The reagents
react with the hydrogen peroxide or ozone in solution, producing a purple color that is
proportional to the concentration of oxidizers.  Two colorimeters, manufactured by EM
Science and CHEMetrics, were used to measure the concentration of hydrogen peroxide and
ozone, respectively, associated with the intensity of the purple color.
SEM
A Cambridge Stereoscan 360 scanning electron microscope manufactured by
Cambridge Instruments Ltd., Cambridge, England, was used to generate micrographs of
metal samples.  This equipment is located in the Entomology Department of Mississippi
State University, Mississippi State, Mississippi.  All the analyses were conducted under the
supervision of Mr. Richard Kuklinsky, an Electron Microscopist II, in the Entomology
Department.  Sample preparation prior to the analysis was performed by Mr.  Kuklinsky.
Samples were mounted on aluminum specimen mounts with double-sided conductive
adhesive carbon tape.  The samples were sputter coated for 3 minutes with gold or
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palladium.  A Polaron Model E5100 Series II, manufactured by Polaron Equipment Limited,
Watford Hertfordshire, England, was used to sputter the samples.  
The same sample preparation, with the exception of the sputtering step, was followed
for the X-Ray analysis.  The analysis was accomplished with an energy dispersive X-ray
spectrophotometer attached to the scanning electron microscope and a Princeton Gamma-
Tech Avalon System.  The scanning electron microscope and the X-ray system are computer
operated using proprietary software.
XPS
XPS analysis was conducted using a PHI 1600 ESCA system.  The equipment is
located in the Surface Science Laboratory of the Dave C. Swalm School of Chemical
Engineering, Mississippi State University.  All the analyses were conducted by chemical
engineering graduate and undergraduate students, Mr. Esteban Romano and Ms. Holly
Martin, respectively.  This technique yielded a semi-quantitative analysis of the composition
of the metal  surface. The samples were mounted on EM grade double sided copper tape.
The metal samples were bombarded with excited argon in the main chamber of the system.
Emissions from the excited atoms that are released from the metal surface during this process
are analyzed by spectrometry.  The instrument is controlled by the PHI Surface Analysis
Software, Version 3.0.  The data collected were processed using the XPS International
Spectral Data Processor, Version 2.3.
Surface Area
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The surface area of the metals was measured using an Accelerated Surface Area and
Porosimetry (ASAP) 2405 Analyzer.  The analyses were conducted by Micromeritics
Instrument Corporation, Norcross, Georgia, on all the metals examined during the study, and
a sample of acid washed iron.  The low surface area option, which uses krypton as the
adsorbate was performed due to the very low surface area of the metallic species.  The
surface areas of all the metals used in this study are presented in Table 4.3.
Zinc analysis
The concentration of zinc in solution was measured using a Perkin Elmer Inductive
Couple Plasma (ICP)-Optical Emission Spectrometry (Model Optima 4300).  The system
is controled via computer using WinLab32 Instrument Control software manufactured by
Pelkin Elmer. Standards were prepared using serial dilution from a 1000 mg/L zinc stock
solution.  Concentrations were determined from peak areas by comparison to standard
curves.  All ICP analyses were conducted by chemical engineering undergraduate student
Monti Singletary.  
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Table 4.1. GC/MS operating condition for TNT reduction 
By-products analysis.
Operating Conditions Values
Initial Oven Temperature 120 /C
Ramps
1.  3 /C /min





Injector Temperature 200 /C
Pulse Pressure 20.0 psi
Gas Type Helium
Column Mode Constant Flow











Table 4.2. Surface area of zero-valent metallic species
examined for TNT degradation.
Metal Surface Area, m2/g
Iron 0.0060

















Figure 4.1.  Reactor configuration (drawing not to scale).
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Figure 4.3.  Equipment configuration for oxidation step (drawing not to scale).
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CHAPTER V
PHASE I: SCREENING OF METALS FOR TNT DEGRADATION RESULTS
The degradation of TNT was evaluated using six metals: iron (Sigma-Aldrich), zinc
(Sigma brand), zinc (Fisher brand), nickel (Alfa Aesar), copper (Sigma-Aldrich), and tin
(Sigma-Aldrich).  The initial concentration of the TNT test solutions during these
experiments were approximately 10 mg/L.  The raw data for Phase I experiments is
presented in Appendix A.  
The results for the degradation of TNT with the different metals are presented in
Figure 5.1.  It can be observed from the figure that the TNT removal obtained during the
approximately 240 minutes of reaction time with nickel (5.6%), copper (3.7%), and tin(-
1.03%) was significantly lower than the removal obtained using Sigma zinc (100%), Fisher
zinc (49.4%), and iron (28.9%).  These results are in agreement with the thermodynamics
of the reaction of TNT with the different metallic species.  Calculation of the Gibbs Free
Energy based on the for the reaction with TNT (see Table 5.1), indicates that theErx
o
reaction between zinc and TNT is favored over those with the other metals investigated.
Only zinc and iron yield a spontaneous reaction with TNT (negative Gibbs Energy).  
The hypotheses for examining the degradation of TNT by copper, nickel, and tin in
spite of their positive free energies, was the fact that the  is a value determined underErx
o
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standard conditions (unit activity and 25 /C).  There is the possibility that under non-
standard conditions the reaction of copper, nickel, or tin with TNT becomes spontaneous.
This obviously did not happen under the conditions evaluated during the screening
experiments.  The small TNT disappearance observed with copper and nickel was most
likely caused by TNT adsorption onto the metal surface and glass beads.  Based on these
results, only Sigma zinc, Fisher zinc, and iron were selected for further evaluation.  
Previous studies by Scherer at al. (1999) indicate that the presence of an oxide layer
on the surface of the metal and the surface morphology (kinks, edges, and other
irregularities) could significantly affect the rate of the reaction between the contaminant and
the metal.  The impact of surface morphology on the degradation of TNT was examined by
comparing the degradation of TNT using zinc specimens from both Fisher and Sigma.
Figures 5.2 shows the (SEM) micrograph, XPS survey spectra, and the determined atomic
composition of Fisher and Sigma specimens, respectively.  Both zincs have surfaces with
similar compositions of carbon, oxygen, and zinc.  The oxygen represents an oxide layer on
the surface of the zinc.  A significant amount of carbon due to the manufacturing process
(cutting, grinding, and packing) was present on both zincs.  The main difference between the
two zinc specimens was the surface morphology.  The SEM micrographs show that Fisher
zinc has a much smoother surface compared to Sigma zinc.  Surface dislocations or other
surface defects dissolve faster than smoother surfaces; thus, improving the chances of
breaking the oxide layer and exposing the bare metal for reaction.  In addition, the surface
area of Sigma zinc (0.0216 m2/g) was almost twice the surface area of Fisher zinc (0.0110
m2/g).  These two characteristics of Sigma zinc yielded faster TNT degradation compared
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to Fisher zinc.
Figure 5.3 shows the SEM micrograph, XPS survey spectra, and atomic composition
of the iron used in this investigation.  The amount of oxides (represented by oxygen) on the
surface of the iron is larger than those found on Fisher or Sigma zinc specimens.  This is
probably due to the different oxidation states (iron [II] and iron [III]) that can be formed with
iron compared to zinc (zinc [II]).  The carbon impurities found on the iron are believed to
be caused by the manufacturing process.  Deng et al. (1997) measured a similar (33%)
carbon composition within a Fisher iron.  The SEM scans show that, like Fisher zinc, the
surface of the iron is also a relatively smooth surface. 
Figure 5.1 seemingly indicates that the reaction between Fisher zinc and TNT is
faster than the reaction between iron and TNT.  However, the closeness in TNT degradation
performance, and the different surface areas for Fisher zinc (0.0110 m2/g) and iron (0.0060
m2/g), make it difficult to select the more effective of these two metals for degrading TNT.
A numerical comparison based on the specific reaction rate constants will be presented in
Chapter 8.
Initial TNT Concentration Effects
The reaction of TNT with zero-valent metals is an heterogeneous reaction.  TNT has
to adsorb onto a reactive site on the surface of the metal in order to complete electron
transfer, which is coupled to metal oxidation.  The number of reactive sites on the surface
of a metal is limited.  When all the reactive sites are occupied by an oxidizing agent ( in this
case, TNT), the surface of the metal is said to be saturated and the rate of TNT reduction
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becomes independent of concentration (thus, following zero order kinetics).  Figures 5.4, 5.5,
and 5.6 present the effect of concentration on the degradation of TNT by Sigma zinc, Fisher
zinc, and iron, respectively.  Note that only the initial TNT concentration was changed in
these experiments with metal concentration held constant.  These figures indicate that there
is a limited number of reactive surface sites on the surface of the metals.  The magnitude of
the concentration at which the surface of the metals becomes saturated with TNT and
reduction by-products depends on the surface area and reactivity of the metal.  Saturation
effects were not observed for Sigma zinc even at an initial TNT concentrations in excess of
50 ppm.  In contrast, the surface of Fisher zinc and iron appear to be saturated at initial TNT
concentrations of approximately 30 ppm and a value between 10 and 30 ppm, respectively.
The magnitude of the concentration to reach surface saturation for the three metals
evaluated seemed to correlate well with surface area concentrations (0.024 m2/L iron, 0.044
m2/L Fisher zinc, and 0.086 m2/L Sigma zinc).  The number of active sites on the metal
surface; and thus, the metal reactivity, will depend more on the irregularities and defects of
the surface.  These points on the surface provide stronger adsorption sites, larger rates of
metal oxidation, and consequently favorable conditions for TNT reduction.  In most cases,
the number of active sites is proportional to the surface area of the catalyst (Fogler, 1999).
The SEM and metal surface area data clearly support this statement. 
Effect of Dissolved Oxygen
Since Fisher zinc and iron were similar in terms of TNT reactivity, and both have
similar surfaces (smoothness), which is an indicator of the difficulty to break the oxide film,
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they were selected to evaluate the effect of dissolved oxygen on the degradation of TNT.
The results can be observed in Figures 5.7 and 5.8.  Clearly, the degradation of TNT by
either Fisher zinc or iron was adversely affected by the presence of oxygen in solution.
Oxygen competes with TNT for electrons provided during oxidation of the metal.  The
following reactions summarize this competitive effect:
(Acid Solution)O H e H O2 24 4 2+ + →
+
(Neutral to Basic Solutions)O H O e OH2 22 4 4+ + →
−
TNT H e ADNT H O+ + → ++6 6 2 2
In addition to the competition for electrons between oxygen and the TNT, the
reaction of oxygen with Fisher zinc or iron forms more oxides on the surface of the metal,
which reduces the activity of the metal by adding resistance to the transfer of electrons from
the metal to the adsorbed species (TNT).  Figure 5.7 indicates that concentrations of
dissolved oxygen found normally in water exposed to the atmosphere (approximately 9
mg/L) have a small effect on the degradation of TNT with zinc as compared to the reaction
with iron (see Figure 5.8).  The implications of this findings are significant because
contaminated waters seldom have dissolved oxygen concentrations in excess of 10 ppm.
This behavior could be caused by the variety of oxides (iron [II] and iron [III]) formed on
the iron surface in the presence of oxygen compared to zinc.  These oxides add a greater
resistance to the transfer of electrons; thus, decreasing the rate of TNT reduction.
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Effect of pH
The effect of pH on the degradation of TNT is shown in Figures 5.9 and 5.10 for zinc
and iron, respectively.  It is clear that high pH has an adverse impact on the degradation of
TNT with both metals.  The decrease in TNT reduction rate at higher pH values may be due
to a combination of H+ consumption during the overall reaction shown below for zinc and
iron and/or the greater likelihood of the precipitation of metal oxides, which act as a physical
barrier and block reactive Zno or Feo sites:
TNT Zn H Zn ADNT H O+ + ← → + ++ +3 6 3 20 2 2
TNT Fe H Fe ADNT H O+ + ← → + ++ +3 6 3 20 2 2
The degradation of TNT at pH 4 and 7, show that pH has a larger effect on the
degradation of TNT with iron compared to zinc.  This dramatic impact is a considerable
concern for insitu applications because groundwaters are usually neutral in terms of pH.  
The principles of corrosion engineering can be used to explain this phenomena
(Fontana, 1996).  The reaction of iron dissolution ( ) due to hydrogenFe Fe e → ++2 2
formation ( ) is faster than that of zinc under identical conditions.2 2 2H e H
+ +  →
Although the free-energy change for the corrosion of zinc is significantly more negative than
that of iron (see Table 5.1), the corrosion rate of zinc is less than that of iron at low pH
values.  This is one situation in which reaction thermodynamics and kinetics are in
disagreement.  The faster formation of hydrogen with iron, causes a larger increase in the
iron surface area due to the faster iron dissolution compared to zinc.  The increase in surface
area forms new reactive sites that enhance the degradation of TNT.
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Furthermore, in the case of iron, it seems that low pH values may not only dissolve
the oxide layer initially present on the surface of the metal, but also prevent its formation
during reaction .  When the initial pH was approximately 4.0, the final pH was 6.2. In
contrast, the final pH was around 9.0, when the initial pH was close to neutral.  High pH
values enhanced the formation of maghemite, a passivating oxide layer for iron (see Figure
2.1).  This layer increases the resistance for electron transfer, and consequently, reduces the
rate of TNT reaction.  
Summary
Six metals were examined for the treatment of water contaminated with TNT.  Zinc
and iron yielded the highest degradation of TNT and were evaluated further with respect to
the effect of initial TNT concentration, dissolved oxygen, metal surface condition, and
solution pH on the degradation of TNT.  Two zincs  (Fisher and Sigma) with different
surface characteristics were investigated to assess the effect of this parameter on the
degradation of TNT.  Both zincs had similar surface oxides compositions.  In term of TNT
degradation the metals ranked as follows Sigma zinc >Fisher zinc > iron.  This ranking
correlates with the surface area and metal surface conditions observed using SEM.  The
results indicate that surface irregularities increase surface area, enhance the oxidation rate
of the metal, facilitate the breakage of the oxide layer, and thus increase TNT degradation.
The presence of dissolved oxygen adversely affected the degradation of TNT with
Fisher zinc or iron.  The new oxides that formed on the surface due to the reduction of
oxygen likely created a barrier that yields a slower rate of electron transfer to TNT.  The
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oxide layer can be dissolved at low pH values.  Experiments conducted at initial pH values
of 4 enhanced the degradation of TNT with zinc and iron.  Since most contaminated
groundwaters exist at pH levels between 6-8,  the rest of the experiments conducted in this
research were conducted within this range.  Other techniques to eliminate or reduce the
electron transfer resistance of the oxide layer, besides lowering the pH of the test solution,
are discussed in Chapter 6.
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Table 5.1.  Gibbs Energy for the reaction of TNT with the examined zero-valent metals.




























Fisher Zn Fe Ni Sn Cu Sigma Zn
Figure 5.1. Comparison of the degradation of TNT by different metallic species
(Conditions: anaerobic, 4 g/L metal and [TNT]o = 10 ppm).  The raw data
used to prepare this figure and the standard deviation for each data point





















































Figure 5.2. SEM micrograph, XPS survey spectra, and atomic composition for Fisher











































TNTo = 51.31 ppm TNTo = 26.77 ppm TNTo = 11.32 ppm
Figure 5.4. Effect of initial concentration of TNT on the degradation of TNT by zero-
valent zinc (Sigma) (Conditions: anaerobic, 4 g/L zinc, flow rate = 5 ml/sec).
The raw data used to prepare this figure and the standard deviation for each
















1 ppm 10 ppm 30 ppm 70 ppm
Figure 5.5. Effect of initial TNT concentration on the degradation of TNT by zero-valent
zinc (Fisher) (Conditions: anaerobic, 4 g/L zinc, flow rate = 12 ml/sec).  The
raw data used to prepare this figure and the standard deviation for each data
















1 ppm 10 ppm 30 ppm 60 ppm 
Figure 5.6. Effect of initial TNT concentration on the degradation of TNT by Zero-Valent
iron (Conditions: anaerobic, 4 g/L iron, flow rate = 12 ml/sec).  The raw data
used to prepare this figure and the standard deviation for each data point



















Figure 5.7. Effect of dissolved oxygen on the degradation of TNT by ZVZn (Conditions:
4 g/l Zn and [TNT]0 = 10 ppm).  The raw data used to prepare this figure and
















anaerobic 9.5 ppm O2
Figure 5.8. Effect of O2 on the degradation of TNT by iron (Conditions: 10 g/l iron and
[TNT]0 = 25 ppm).  The experiments were conducted using the shaker table
at 200 rpm.  The raw data used to prepare this figure and the standard



















Figure 5.9. Effect of pH on the degradation of TNT by Fisher zinc (Conditions: 4 g/L Zn,
anaerobic, and [TNT]o = 10 ppm).  The raw data used to prepare this figure


















Figure 5.10. Effect of pH on the degradation of TNT using iron (Conditions: 4 g/L iron,
anaerobic, and [TNT]o = 10 ppm).  The raw data used to prepare this figure
and the standard deviation for each data point appear in Table A.16.
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CHAPTER VI
PHASE II:  EFFECT OF A CORROSION PROMOTER ON TNT DEGRADATION
As discussed in the previous chapter, the presence of an oxide layer on the surface
of the metal can significantly decrease the rate and extent of TNT degradation.  This chapter
describes the effect of chloride on TNT degradation.  Chloride is a corrosion promoter which
have the potential of breaking off a metal oxide layer (Fontana, 1986).  Another technique
examined to eliminate the oxide layer was acid-washing of the metal surface.  Fisher zinc
and iron were used in all the experiments presented in this chapter, since they had surfaces
with similar characteristics.  The raw data for Phase II experiments is presented in Appendix
A and B.
Effect of chloride on TNT degradation using Fisher zinc
The reduction of TNT by a zero-valent metal is coupled to the metal oxidation.
Increments in the rate of metal oxidation (corrosion) will increase the rate of reduction of
the species adsorbed on the metal surface since more electrons will be released from the
metal.  The chloride ion is known to cause pitting and crevice corrosion which are
accelerated forms of corrosion (Fontana, 1986).  Any chloride salt in solution can potentially
cause these forms of accelerated corrosion.  In this investigation, potassium chloride was
selected because the potassium cation generated when the salt is dissolved in solution is
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thermodynamically impossible to reduce using iron or zinc.  Therefore, the potassium ion
was not expected to become and electron scavenger on the surface of the metal.
Additionally, potassium (which is not a regulated compound) will not impact soil systems
by reducing permeability of effluent injection zones.  The hypothesis for adding potassium
chloride to the TNT solution was that the additional electrons generated on the surfaces of
zinc or iron by the pitting or crevice corrosion mechanisms would reduce the TNT adsorbed
onto the metallic species.  Addition of sodium chloride (NaCl) was also examined to
evaluate the effect of a different  cation (sodium versus potassium) on TNT degradation 
Figure 6.1 presents the effect of adding different concentrations of KCl or NaCl into
a 30 mg/L TNT solution on the degradation of TNT by Fisher zinc.  It is evident that the rate
of TNT degradation increases with KCl concentration.  The figure also shows that adding
3 mmoles/L of NaCl into a 30 mg/L solution of TNT yielded similar TNT degradation
compared to the addition of 3 mmoles/L of KCl, which validates that the chloride ion is the
species causing the change in TNT degradation and the partner cation of the chloride ion has
no effect in the process.  Figure 6.1 demonstrates that the rate of reduction of TNT is
proportional to the rate of oxidation of the metallic species which increases with the chloride
ion concentration.
Pitting corrosion seems to reactivate the surface of the metal toward the steady
degradation of TNT.  In Chapter 5, it was observed that increasing the concentration of TNT
to relatively high levels had an adverse effect on its degradation with iron or zinc.  The
surface of the metal becomes saturated at relatively high concentrations of TNT because of
the limited amount of active sites on the surface of the metal.  This effect was not observed
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when adding the 3 mmoles/L of KCl to the test solution using a Fisher zinc concentration
of 4 g/L (the same used in the experiments presented in Chapter 5).  
Figure 6.2 shows the effect of initial TNT concentration on TNT degradation.  Even
at concentrations as high as 50 mg/L, TNT degradation seems to behave as a first order
reaction without catalytic deactivation.  There appears to be a continuous generation of
active sites due to the presence of chlorides.  Table 6.1 shows the correlation coefficients and
first order rate constants calculated for each of the initial TNT concentrations curves
illustrated in Figure 6.2.  The data fitted best to the first order model compared to the 2nd
order model.  Additionally, Figure 6.2 clearly shows that the TNT degradation in the
presence of potassium chloride does not follow zero-order kinetics.  The rate constants were
calculated by fitting the integrated first order model (shown below) to the TNT degradation
















CTNT = concentration of TNT at any time, mg/L
CTNTo = initial concentration of TNT, mg/L
k = first order rate constant, min-1
t = time minutes
The values of the rate constants calculated for each initial concentration were
separated by a relatively small margin.  The rate constants were averaged resulting in a value
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of 0.0187 min -1.  This value was normalized by the surface area concentration ( ), whichρs
was calculated using the surface area of the Fisher zinc (0.011 m2/g) and the initial metal
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This rate constant is larger than any of the normalized first order rate constants
reported in the literature for the degradation of nitroaromatic compounds by zero-valent
metals (Devlin et al., 1998; Scherer et al., 2001).  Additional experiments were conducted
to assure that the reaction rate constant of TNT degradation by zinc in the presence of
chloride was determined under kinetically limiting conditions.  The effect of TNT diffusion
rate from the bulk solution to the surface of the metal was examined by conducting
experiments at increasingly different volumetric flow rates Figure 6.3 illustrates the effect
of volumetric flow rate on the degradation of TNT by Fisher zinc in the presence of chloride.
These experiments were conducted at a KCl concentration of 3 mmoles/L, and an initial
TNT concentration of 25 mg/L.  It can be observed via review of Figure 6.3 that as the
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volumetric flow rate increased the reaction of TNT with Fisher zinc passed the mass transfer
limited region and became kinetically limited at a volumetric flow rate close to 12 ml/sec.
This flow rate was also used during the experiments conducted to evaluate the kinetic
parameters of the heterogeneous rate expression developed in Chapter 8. The values of the
first order rate constant calculated for each volumetric flow rate by fitting Equation (1) to
the TNT degradation data are presented in Table 6.2.  The normalized surface area first-order
rate constant using the 12 ml/sec flow rate was .  This value is exactly two0850 2. min
L
m ⋅
times the mass transfer limited value calculated in Equation 3.
A similar experiment was conducted using iron.  In this case, the KCl concentration
was also 3 mmoles/liter, but the initial TNT concentration was 20 mg/L.  Table 6.3 shows
the calculated first order rate constants for each volumetric flow rate.  The calculations were
performed using exactly the same methodology used for the experiments with Fisher zinc.
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Thus, the normalized first order rate constant, , for iron using the rate constantk '
calculated for the 12 ml/sec volumetric flow rate, which was the kinetically limited value


















The addition of potassium chloride eliminates the saturation effect caused by
relatively high initial TNT concentrations on the reaction with iron and TNT.  Experiments
were conducted using 10 mg/L and 30 mg/L initial TNT concentrations with and without
potassium chloride, respectively.  Figure 6.5 shows that the addition of KCl eliminated the
saturation effect caused by the limited number of active sites on the iron surface.  In
addition, it is clear from the figure that iron in the presence of chloride becomes significantly
more reactive than zinc and iron without chloride.  An initial TNT concentration of 30 mg/L
was reduced to below detection levels after 240 minutes of reaction with iron in the presence
of 3 mM potassium chloride.  However, zinc remained more reactive than iron when TNT
degradation is compared using the same initial TNT concentrations (30 mg/L) and potassium
chloride concentration (3 mM).  The figure shows than zinc remained more reactive than
iron even when the chloride concentration using iron is more than three times the chloride
concentration using zinc.  
In practice, TNT contaminated waters seldom exceeds 20 mg/L levels.  The fact that
iron and zinc in the presence of chloride can reduce a 30 mg/L TNT concentration to below
detection limits in a relatively short time is a remarkable finding and could translate into
significant reduction in treatment times of TNT contaminated waters.  However, in the case
of zinc, which is strictly regulated, its presence in solutions need to be monitored more
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closely.  Experiments were conducted to determine the amount of zinc dissolved into
solution during the treatment of TNT contaminated in the presence of potassium chloride.
This results are presented in Figure 6.6.  The figure illustrates that the concentration of the
zinc ion in solution increases during the reaction of zero-valent zinc with TNT.  The
increment in concentration appears to be linear with time.  If zinc is going to be used as a
first step in an integrated reduction/oxidation process to treat TNT contaminated waters, the
dissolution data presented in Figure 6.6 indicate that future studies on the toxicity of the
effluents from the integrated treatment scheme are necessary.  This studies were out of the
scope of this project, and therefore, were not performed.
The acceleration of the rate of reaction of TNT with Fisher zinc or iron caused by the
addition of chloride suggested a similar reaction mechanism for both metals.  As mentioned
before, chlorides are a known cause of pitting corrosion, which is a form of extremely
localized corrosion that results in holes in the metal (Fontana, 1986).  Other anions (e.g.
, , or ) can inhibit pitting either by buffering the pH in the pit or by causingOH − SO4
2− CO3
−
the precipitation of a salt film (Agrawal et al., 1995; Cottis, 1997).  A corrosion pit is a
unique type of anodic reaction.  It is an autocatalytic process.  That is, the corrosion
processes within a pit produce conditions that are both stimulating and necessary for the
continuing activity of the pit.  Figure 6.7 illustrates a possible mechanism proposed for the
coupling of pitting corrosion and reduction of TNT in aqueous solution.  Here a metal M,
such as iron or Fisher zinc, is being pitted by TNT, within a KCl or NaCl sodium chloride
solution.  The pit is initiated by the momentarily positive charge that is generated in a
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particular location on the surface of the metal because of relatively high dissolution
occurring at a surface scratch, emerging dislocation, or other defect.  In order to maintain
electroneutrality, chloride ions will migrate to that point.  Thus, in the pit there is a high
concentration of MCl and, as a result of hydrolysis (see Equation 6), a high concentration
of hydrogen ions.  This reaction is expressed as,
(6)M Cl H O MOH H Cl+ − + −+ → ↓ +2
Both hydrogen and chloride ions stimulate the dissolution of the metals and the entire
process accelerates with time.  The electrons generated from the pit formation participate in
the reduction of adsorbed TNT to nitroso amines, hydroxyl amines, azozytoluenes, and most
likely, amines (see Figure 2.5).
Figure 6.8 shows SEM micrographs of the iron taken after treatment of a solution
with an initial TNT concentration of 20 mg/L and containing 3 mmoles/L KCl.  The figure
on the right clearly shows the pits on the surface of the iron at the end of the reaction.  In the
micro environment of the pits, hydrochloric acid is generated, autocatalytically producing
electrons that react with the TNT adsorbed on the surface.  A closer examination of figure
on the right shows what seems like  the breakage of a layer, which could be the oxide layer
initially present on the iron surface.  This implies that may be the chloride ion can be used
to reactivate iron covered by a thick oxide layer.  Pitting attack can be developed in a few
days, months, or years depending on the corrosive environment (Fontana, 1996).  In this
case, some pits can be observed just after 360 minutes of treatment probably due to the
relatively high chloride concentration.  
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Figure 6.9 is a SEM micrograph of zinc exposed to a TNT solution with potassium
chloride, no clear pits were observed on the Fisher zinc.  Judging from the flaking of the
surface and the formation of crevices, the surface of the zinc seems to be attacked more non-
selectively and aggressively by the chloride ions than iron.  The mechanism of zinc oxidation
and reduction of TNT is similar to that proposed for pitting.  In this case, the chloride ion
migrates into crevices and under flakes, generating hydrogen and chloride ions, and thus,
accelerating the reduction of TNT.
An interesting observation during these experiments was the change in color of the
test solution from clear to a light amber color using iron and from clear to light yellowish
using Fisher zinc. Figures 6.10 and 6.11 illustrate the color change for experiments
conducted with iron and Fisher zinc, respectively.  Figure 6.12 shows a color change to
lighter amber that was observed during a control experiment with iron in the presence of
distilled water containing only KCl at a concentration of 3 mmoles/L.  Thus, it was initially
concluded that the change in color during the reaction of TNT and iron was caused by the
continuous metal dissolution due to pitting corrosion.  In the case of Fisher zinc, no color
was observed during the control experiment, which suggested that the color change during
the TNT reaction was mostly caused by the presence of reaction products.  In both cases, a
larger metal dissolution was expected in the presence of KCl compared to no KCl addition,
due to the pitting or crevice corrosion mechanism.  
Continuous metal dissolution can be translated to a continuous source of electron to
react with the TNT adsorbed onto the surface.  However, ADNTs and DANTs, which were
the only reaction by-products that could be identified using the analytical equipment
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available during this study, were not detected.  Additionally, there were no other unknown
peaks in the HPLC chromatograms that could be associated with TAT or  azoxytoluenes,
suggesting the formation of new compounds that could not be detected at the UV wavelength
monitored during the analysis (214, 230, 235, and 254 nm)
The complex illustrated in Figure 6.13 is believed to be an azoxydioxide complex
that is generated from the interaction of nitroso and hydroxyl amines with iron or zinc oxide
in the presence of chloride.  This type of complex has been identified by other investigators
during the amination of alkenes using a combination of nuclear magnetic resonance, Fourier
Infra Red, and Ultraviolet-visible spectroscopic data (Srivastava and Nicholas, 1997).  Even
though no previous studies were found in the literature to support the formation of a zinc
complex, it is speculated that a similar type complex may be formed for the case of zinc
reacting with TNT in the presence of the chloride ion.  The formation of this complex is
important because as can be seen in Figure 6.13, is a charged complex ion, and ions are more
soluble in aqueous solution.  This complex minimized the adsorption of by-products onto
the surface of the metal.  Since the effluent from the reduction stage will enter the oxidation
stage, minimizing the amount of by-products attached to the metal surface increases the total
mass of TNT completely degraded.
It is proposed that as the TNT is reduced by Feo or Zno to form nitroso and hydroxyl
amino compounds, these products, which are adsorbed onto the surface of the metal oxide,
weaken the M-O bonds (M represents Fe or Zn) to the neighboring atoms and eventually
leads to the detachment of the azoxydioxide complex (see Figure 6.8).  The presence of
chlorides serves two purposes:  
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(1)  It accelerates the reduction of TNT into the nitroso and hydroxyl amines
compounds by the pitting corrosion mechanisms presented in Figure 6.7.
(2) The chloride  adsorbs onto the metal surface forming an M-Cl complex
that weakens the bond between M and neighboring ions in the bulk oxide.
Chloride acts as a catalyst for the generation of the azoxydioxide complex by
facilitating its desorption from the metal surface.  The formation of this
complex minimizes the adsorption of the nitroso and hydroxyl amines
compounds, which without the complex formation would react further to form
amines.  As mentioned earlier, amines are potential corrosion inhibitors that
may act as a poison for the metal surface.  
Figure 6.13 illustrates a schematic for the complex with two azoxydioxides.  It is not
possible to draw another azoxydioxide in two dimensions, but there is another one present
in place of the two free oxygens.  Furthermore, the complex could grow larger when the
other nitro compounds are reduced to NO and NOHO groups, which could interact with free
ferrous and ferric chloride salts or zinc chloride salts.  As can be observed, the presence of
the chloride ions is essential to the formation of these compounds.  Therefore, the color
appearance during the reaction with zinc and TNT in the presence of the chloride ion is
potentially caused by the generation of organo-zinc complex.  Furthermore, even though the
color that appeared during the reaction with TNT and iron in the presence of the chloride ion
was similar to the color observed in the absence of TNT, the lack of TNT reduced by-
products coupled to the complete disappearance of TNT suggested the formation of other
compounds, most likely the organo-iron complex.
No color changes were observed in the experiments discussed in the previous
chapter, which were conducted in the absence of chloride.  This suggested a different metal
oxidation mechanism in the absence of chloride salts.  A semi-uniform oxide layer that
decreases the rate of metal oxidation is believed to form on the metal surface.  This oxide
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layer reduces the oxidation-reduction potential of the metal.  Furthermore, the amines
formed from the reduction of TNT are believed to stay adsorbed onto the metal surface
acting as corrosion inhibitors.  Evidence of the latter was the small peaks of 2ADNT and
4ADNT observed on the UV spectras of metal extract samples.  The rate of electron transfer
is significantly reduced by the combination of the amine inhibition and oxide formation.
Organo-metallic  complexes usually absorb light in the visible region of the electromagnetic
spectra.  This would explain the absence of peaks in the HPLC chromatograms, which were
collected in the low UV region.  No efforts were made to positively identify the proposed
complexes.  However, the feasibility to oxidize these compounds using ozonation or
peroxone was examined and these results presented in Chapter 9.
Effect of acid-washed of the metals on TNT degradation
Another alternative examined to enhance the degradation of TNT using iron or zinc
was acid washing.  Metal acid washing has been used in past studies for the treatment of
nitroaromatic compounds and chlorinated solvents using iron or zinc (Agrawal and Tratnyek,
1996; Fenelly and Roberts, 1998).  It is not clear from the data presented in these studies if
the faster degradation observed with the use of acid washed metals was caused by removal
of the oxide layer on the surface of the metal, reducing the resistance to electron transfer,
micro-acidic conditions, or simply by an increase in the metal surface area after the acid
washing step. 
The zinc or iron used in this study were washed for 20 minutes using 3 moles/L
hydrochloric acid solution.  The acid solution was sparged with nitrogen prior to the acid
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washing step in order to remove the dissolved oxygen from the solution.  The metal was then
rinsed for 20 minutes three times with nitrogen sparged distilled water.  The increase in
surface area was not measured for acid-washed zinc.  However, significant increases in
surface area after metal acid washing have been observed by other researchers using zero-
valent metals to treat contaminated waters (Agrawal and Tratnyek, 1996); therefore it was
assumed that the surface area of zinc significantly increased after acid washing.  The TNT
degradation enhancement obtained for Fisher zinc is illustrated in Figure 6.14.  The extent
of TNT degradation observed is not significant and could be attributed just to the increased
in surface area usually obtained when the metal is acid-washed and not to a higher surface
reactivity due to the removal of oxides.  Furthermore, zinc hydroxide is generated
immediately after the metal is contacted with the TNT test solution.  Since the pH increased
rapidly due to the generation of OH- by the reduction of H+, the hydroxide layer precipitated
on the zinc surface and acted as a resistance to electron transfer.  The end result is no net
significant improvement by acid washing the metal.
Figure 6.15 shows a comparison of the degradation of TNT via the reaction with acid
washed and non-acid washed iron.  In the case of iron, the surface area was measured after
the acid washing step.  There was a 150 increase in the surface area of the acid-washed iron
compared to the non-acid washed (see Table 4.3).  Figure 6.15 shows that a similar TNT
degradation was observed using acid washed and non-acid washed iron.  In order to compare
numerically the TNT degradation with the non-treated and pre-treated iron, the first order
surface area normalized reaction rate constant was calculated for both cases using Equation
1 and the surface area concentrations.  The values of the rate constants obtained were
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0.00079  for acid washed iron and 0.058  for non-acid washed iron.  Iron acidLm2 ⋅min
L
m2 ⋅min
washing yielded a net decrease in TNT degradation per surface area.  Two possible causes
for this behavior are:
1.  The newly formed iron hydroxide layer on the surface of the metal has a
larger electron transfer resistance compared to the oxide layer present on the
non-acid washed iron. 
2.  The acid washed step was too aggressive and removed a large proportion
of the iron content, leaving actually less reactive sites on the surface and more
exposed carbon.  As can be observed in Figure 4.3, the carbon content in the
iron used in this study was relatively high.  It is suspected that better
performance in terms of TNT degradation can be obtained using iron with a
lower carbon content.
Summary
The presence of chlorides (like KCl and NaCl) in TNT solutions significantly
accelerated the degradation of TNT by both zinc and iron.  Pitting and/or crevice corrosion
mechanisms were proposed to explain the chloride effect on TNT degradation by iron or
Fisher zinc, respectively.  Additionally, the proposed formation of the organo-metallic
complexes were believed to not only accelerate the metal dissolution, but maintain the
presence of reaction by-products in solution.  These two effects minimized the adverse
effects to the degradation of TNT caused by oxide formation and amine adsorption onto the
surface of the metals.  Chloride presence is essential for the formation of the organo-metallic
complexes.  
Finally, it was demonstrated that acid-washing did not enhance TNT degradation.
The small increases in TNT degradation observed using acid-washed zinc were most likely
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caused by an increase of the surface area of the metal.  Furthermore, a net decrease in TNT
degradation per surface area was observed using acid-washed iron.
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Table 6.1. First order rate constants for the degradation of TNT by Fisher zinc at different
initial TNT concentrations in the presence of potassium chloride (determined
from the data presented in Figure 6.2).







Table 6.2. Effect of volumetric flow rate on the first order rate constant for the degradation








Table 6.3. Effect of volumetric flow rate on the first order rate constant for the degradation


























Figure 6.1. Effect of the KCl or NaCl concentration on the TNT degradation by ZVZn
(Conditions: Anaerobic, 12 ml/sec, 4 g/L Zn, [TNT]o = 30 ppm).  The raw data
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Figure 6.2. Effect of initial TNT concentration on the TNT degradation by ZVZn
(Conditions: anaerobic, 5 ml/sec, 3mM KCl, and 4 g/L Zn).  The raw data used
to prepare this figure and the standard deviation for each data point appear in



















Figure 6.3. Effect of flow rate on TNT degradation by Fisher ZVZn using a recirculated
batch reactor (Conditions: anaerobic, 5 ml/sec, 3 mM KCl, 4 g/L Zn, and
[TNT]o = 25 ppm).  The raw data used to prepare this figure and the standard



















Figure 6.4 Effect of flow rate on TNT degradation by iron using a recirculated batch
reactor (Conditions: anaerobic, 5 ml/sec, 3 mM KCl, 4 g/L Zn, and [TNT]o = 20
ppm).  The raw data used to prepare this figure and the standard deviation for


















Zn with 3.0 mM KCl
Fe with 3 mM KCl
Fe with 10 mM KCl
Figure 6.5. Effect of the addition of KCl on TNT degradation by iron (Conditions: 4 g/L Zn
or Fe, anaerobic, and [TNT]0 = 10 ppm or 30 ppm for the no added and added
KCl experiments, respectively).  The raw data used to prepare this figure and the

















Figure 6.6. Time course concentration of Zn+2 during TNT degradation by Fisher zinc
(Conditions: 4 g/L Zn, anaerobic, [TNT]0 = 10 ppm, and [KCl] = 0.3 mM).  The
raw data used to prepare this figure and the standard deviation for each data
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Figure 6.7.  Pitting corrosion mechanism and associated TNT degradation.
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Figure 6.8. SEM micrographs of iron after treatment of TNT contaminated water with
addition of KCl (The magnifications were 20 and 110 for the left and right
micrographs, respectively).
127
Figure 6.9. SEM micrographs of zinc after reaction with TNT in the presence of KCl (The
magnifications were 30 and 110 for the left and right micrographs, respectively).
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Fe
Figure 6.10. Color change of test solution during iron treatment in the presence of KCl.
129
Figure 6.11. Color change of test solution during Fisher zinc treatment in the presence of
KCl.
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Figure 6.12. Color change during a control experiment using iron and distilled water
























































Figure 6.14. Effect of surface pre-treatment on TNT degradation by Fisher zinc
(Conditions: anaerobic, 12 ml/sec, 4 g/L Zn, and [TNT]o = 10 ppm).  The raw
data used to prepare this figure and the standard deviation for each data point


















Figure 6.15. Effect of surface pre-treatment on the degradation of TNT by iron.
(Conditions: anaerobic, 12 ml/sec, 4 g/L Fe, and [TNT]o = 10 ppm).  The raw
data used to prepare this figure and the standard deviation for each data point
appear in Table B.10.
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CHAPTER VII
PHASE III;  AGING AND REDUCTION BY-PRODUCTS WITH/OUT CORROSION
PROMOTERS
As mentioned in Chapter 5, Sigma zinc degraded TNT in solution faster than any
other metal evaluated.  The many irregularities on its surface can be dissolved at a locally
faster rate providing sites where the oxide surface easily breaks; thus, exposing the bare
metal to TNT resulting in an increase rate of TNT degradation.  The relatively faster reaction
rate was the main reason this metal was selected to conduct aging studies and follow the
time-course generation of reaction by-products.  Experiments were performed anaerobically
using the recirculated batch reactor.  The same metal was challenged over five (5 days) using
fresh 50 mg/L TNT solutions each day.  The time course degradation of TNT was tracked
for each fresh TNT solution over a period of six hours.  The raw results obtained are
presented in Appendix C.
Aging of Sigma Zn
The lost of reactivity of the Sigma zinc towards TNT due to the accumulation of zinc
oxides and by-products of TNT degradation is illustrated in Figure 7.1.  In order to determine
the effect of the accumulation of by-products on the Sigma zinc surface, the system was not
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flushed with acetonitrile at the end of the first day of testing.  This resulted in a large drop
in reactivity during Day 2 experiment.  The metal was flushed with acetonitrile at the end
of Day 2 and at the end of each Day during the rest of the week.  The reactivity of the metal
was recovered significantly during Day 3.  It appears that flushing the system at the end of
Day2 partially removed reduction by-products adsorbed on the metal surface.  After Day 3,
the activity of the metal decreased with each new TNT solution challenge due to the surface
accumulation of reduction by-products.  Organic amines are adsorption-type corrosion
inhibitors (Fontana, 1986; Hung et al., 2000), which adsorb onto the metal surface and
suppress metal dissolution and reduction reactions.  The amines (ADNTs and DANTs)
produced during the reduction of TNT by zero valent zinc are thermodynamically more
difficult to reduce than the parent compound.  The  of these amines reacting with zincErx
o
and iron are presented in Table 2.2.  Zinc has a larger reduction potential compared to iron,
and even though the sequential amines are thermodynamically more difficult to reduce, the
thermodynamics of the reaction indicates that zinc can achieve the reduction.  However, it
can be observed that negative values are obtained for the reaction of the DANTs withErx
o
iron, indicating that they can provide corrosion protection and consequently inhibit TNT
degradation.
The initial activity and the decrease in activity after the second day were represented
numerically by a decrease in the calculated zero order reaction rate constant.  The values are
presented in Table 7.1.  The selection of zero-order kinetics was based on the kinetic model
developed in Chapter 9, which predicts zero-order TNT degradation kinetics at relatively
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high concentrations of TNT.  For each line representing TNT degradation in Figure 7.1, the
integrated form of the batch reactor mole balance in which a zero order reaction occurred
was fitted to the data:
(1)CC ktTNTTNTo = −1
where,
k = zero order rate constant, mgL⋅min
t = time, minutes
Figure 7.2 presents the time-course of the absorbance spectra of samples collected
during the reaction of TNT with fresh Sigma zinc (Day 1).  It is clear that the TNT
absorbance, and thus, concentration, is decreasing as the reaction progresses.  However, it
is difficult to observe the formation of TNT reduction by products.  Except for small peaks
around 1 minute and 14 minutes, no other peaks can be distinguished from the absorbance
spectras.  The trace amounts of reduction by-products in solution coupled with the TNT
disappearance indicate that most of the products remain adsorbed onto the zinc.  The peaks
between 13.9 and 14.2 minutes were identified as 2-ADNT and 4-ADNT, respectively, by
both matching the retention time with known standards and by identification on the GC/MS
using spectral libraries.
Several more reduction by-products appeared when the magnitude of the absorbance
scale was reduced from a maximum of 159.5 to 5.0 absorbance units (au).  The effect of the
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reduction in absorbance scale is illustrated in Figure 7.3.  The absorbance peaks were
manipulated as follows to extract the maximum information about the formation of reaction
by-products:
1.  Determination of the absorbance height (peak -baseline) for each of the
notable peaks in each sample analyzed.
2.  Normalization of the height of the notable peaks to the measured
absorbance height of the initial sample (no reaction) within the same range
of retention time where each of the notable peaks were determined.
The results obtained from this manipulation can be observed in Figure 7.4.  The
appearance of the ADNTs and DANT can be followed during the 360 minutes of reaction.
DANT was identified by comparison of the retention time with that of a known DANT
standard.  The carrier solvent, which was a mixture of methanol and water was the only other
peak that was identified by comparison with the initial sample.  The retention time of this
peak was between 1.2-1.7 minutes. The other peaks labeled UKCs are probably the
additional reduction by-products of TNT included in Figure 2.5.  The appearance of the
signals for ADNTs and DANTs is evidence of the formation of the TNT reduction
intermediates nitroso and hydroxyl amine compounds shown in Figure 2.5.  Standards of
nitroso and  hydroxylamines compounds were not available for retention time verification.
GC/MS identification of the nitroso and hydroxyl amines could not be accomplished.  These
compounds, may have combined and further reduced to form the amines or they may have
been destroyed at the high temperatures reached during the GC/MS analysis.  The only peaks
identified by the GC/MS libraries were 2-amino-4,6-dinitrotoluene and 4-amino-2,6-
dinitrotoluene.
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The same analysis of UV absorbance signals was conducted on samples collected
during the experiment using the 12 hour aged zinc (Wednesday experiment).  The signals
of each of the samples collected are presented in Figure 7.5.  Like before, the magnitude of
the absorbance scale was reduced for better identification of peaks.  Figure 7.6 illustrates the
absorbance signals with the smaller scale.  In Figure 7.7, the time-course of the reduction of
TNT and generation of by-products is more evident.  Comparison of the absorbance signals
for the  fresh and aged Sigma zinc yielded two main differences in accordance with the loss
in reactivity of the zinc observed in Figure 7.1:
1.  Signals for ADNTs, DANTs, UKC1, UKC2, UKC3, UKC4, UKC5, and
UKC6 were measured using fresh zinc compared to ADNTs, UKC1, UKC5,
and UKC6 with 12 hours aged zinc.  
2.  The maximum value of the absorbance signals were higher with fresh zinc
than with the 12 hour aged zinc.
In addition, UKC 1 is the only unknown peak that had an increasing trend during the
360 minutes reaction period using the fresh and aged zinc.  This suggested that UKC1 could
be associated with the formation of TAT, the end product in the complete reduction of the
nitro compounds of TNT.  UKC5 and UKC6 appeared and disappeared at the same time
indicating that either they reacted with each other in solution to form other compounds like
the azozytoluenes, or they are reaction intermediates (nitroso and/or hydroxyl amines) in the
formation of the amines.  Moreover, UKC5 and UKC6 did not appear in the end of the week
acetonitrile extract (see Figure 7.8), which is an indication that they further reacted to form
other by-products. In this Figure, UKC3 and UKC4, which also appeared in the spectras
shown in Figure 7.3 and 7.6, could be associated with reduction intermediates.
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Another key feature of Figure 7.8 is the small concentration (2.24 mg/L) of TNT in
the acetonitrile extract.  Only a 0.228% of the initial mass of TNT exposed to the Sigma zinc
during the 5 days aging experiment was recovered in the end of the week acetonitrile extract.
Even though the extract was concentrated by a factor of 10 during analysis, it was not
possible to detect any ADNT or DANTs.  The difficulty to achieve a TNT mass balance
indicate that either there were other by-products not detected at the wavelengths selected
(214, 235, and 254 nm), or most of the reduction by-products were strongly adsorbed to the
zinc surface and not removed by the acetonitrile extraction.  Most likely, the observed
phenomenon is a combination of both factors.  
Chemisorption of chemical species on a reactive surface is essential for the
occurrence of heterogeneous reactions (Fogler, 1999).  TNT and its reduction by-products
have been found to adsorb strongly to the iron oxide surfaces (Deng, et al. 1997).  In
addition, there is a strong possibility that other polymeric bound residues that are difficult
to analyze are formed during the reaction of TNT with zero valent metallic species, and other
metal oxides and hydroxides surfaces (Haderlein et al., 1995).  Various types of mineral
surfaces including clay minerals, iron (hydr)oxides, and manganese oxides have been
identified as reactants or catalyst in oxidative coupling and polymerization reactions of
aromatic amines (Haderlein et al., 1995).  Zinc oxides surfaces are reductive agents with the
potential to also promote these polymerization reactions.  Generation of polymers that
remained strongly adsorbed on the surface could have caused the poor TNT mass balance
and the loss in reactivity of the zinc toward TNT.  The latter caused by poisoning of reactive
sites on zinc.
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Effect of KCl on Zero-Valent Metal Aging
The previously described TNT reactions and associated adsorption phenomena
requires innovative alternatives to reactivate the surface of the metallic species and/or
remove the adsorbed reaction by-products as they inhibit the continuous reaction with TNT.
In the previous chapter, it was demonstrated that the addition of chlorides to the TNT
solution breaks the Fisher zinc and iron oxide surfaces, thus accelerating and maintaining
TNT degradation.  Aging experiments involving chloride addition were conducted to
examined the effect of KCl on the long term performance of Fisher zinc and iron.  In both
cases, 0.5 ml of a 3 M KCl was added to the TNT test solution 5 minutes (after 25 minutes
of N2 sparging) before initiating the experiments.  In order to accumulate more TNT
reduction by-products compared to the aging experiments performed without the addition
of KCl, metal extractions were conducted by flushing just distilled water for 5 minutes
through the system at the end of each day for the first 4 days.  The objective of flushing with
water was to let more reaction by-products accumulate onto the surface of the metal during
the 5 days of experimentation and examine the effect of chloride addition on TNT
degradation under more inhibitory conditions.  Since water is a non-aggressive solvent
compared to methanol or acetonitrile, more reduction by-products were expected to
accumulate on the surface of the metals during the 5 days of experimentation.  Removal of
reduced by-products that remained adsorbed onto the metal surface during the first 4 days
of experimentation was performed by flushing the system at the end of Day 5 with 100 ml
of methanol for 5 minutes.  Figures 7.9 and 7.10 illustrate the results of the degradation
of TNT obtained during the aging experiments involving the addition of KCl to each of the
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TNT test solutions using Fisher zinc and iron, respectively.  Table 7.2 presents the rate
constants determined for data collected each day using a mole balance for the batch reactor












The first-order rate constants indicated that the addition of KCl maintained an almost
constant activity of the Fisher zinc toward the degradation of TNT.  In every case, except for
Day 5, more than 90% of the TNT was transformed into reaction-by-products (see Figure
7.9).  82% of the TNT was transformed during Day 5.  The reduction in reactivity of the zinc
toward TNT observed during Day 5 of experimentation was more associated to changes in
the metallic structure of the zinc than to reduction in the amount of reactive sites due to the
accumulation of by-products.  By the end of the week, the zinc was brittle and powdery.  It
appeared as if most of the initial zinc was transformed to oxides, which are not able to react
with TNT.  
As mentioned in the previous chapter, chloride seems to non-selectively attack the
surface of the zinc in a form of crevice corrosion.  Flakes and cracks are formed on the zinc
surface, weakening the metallic structure of the zinc and reducing the efficiency of the aged
zinc to reduce TNT.  ADNTs and DANTs were not detected in the end of the week methanol
extract.  Figures 7.11 illustrates the absorbance spectras of the extract collected at the end
of the week using Fisher zinc.  No absorbance peaks for ADNTs or DANTs were detected.
Only the peak for TNT was observed in extract at an almost unnoticeable value, indicating
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that TNT adsorbs onto zinc reactive and non-reactive sites.
In the case of the degradation of TNT by iron, chloride addition maintained constant
activity and, in fact, an acceleration of TNT degradation over the last two days of the aging
experiment (see Figure 7.10).  This is numerically presented in Table 7.3, which presents
first-order rate constants determined using Equation 2 for each test day.  The different long
term activity of iron in the presence of chloride compared to zinc was caused by the more
localized attack of chloride on iron (pitting corrosion), which created a constant source of
electrons available for TNT reduction and most of the oxide formation around the pits.  The
mechanism of pitting corrosion discussed in the previous chapter demonstrated that the
formation of a pit can generate a continuous flow of electrons that can be gained by species
adsorbed anywhere on the metallic surface.  Hydrochloric acid formed during pitting
corrosion can accumulate in the deep pits and was not removed during the flushing step at
the end of the experiment.  The hydrochloric acid serves as an electron source in addition
to the acid generated by the addition of fresh chloride.  Based on post test handling, the
addition of chloride did not affect the metallic integrity of the iron.  Figure 7.12 illustrates
the absorbance spectra of the extract collected at the end of the week using iron.  Similar to
zinc negligible amounts of TNT were observed on the extract, indicating that TNT also
adsorbs onto iron reactive and non-reactive sites.
It is intriguing to note that approximately 62.5 mg of TNT reacted with the Fisher
zinc and 25 mg of TNT reacted with the iron with almost no by-products detected during the
week long aging experiments.  If all of the TNT had been converted to ADNTs, DANTs, and
other reduced by-products and remained adsorbed onto the metal, potentially 625 mg/L of
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these by-products for Fisher zinc and 250 mg/L for iron would have been measured in the
methanol extracts.  Figures 7.13 and 7.14 demonstrate that ADNTs and DANTs were still
being formed from the reduction of TNT in the presence of chloride using Fisher zinc and
iron, respectively.  However, their build up in solution is insignificant and they seemed to
disappear rapidly.  This phenomenon is an indication of the formation of other compounds
that cannot be detected at the operating conditions of the HPLC.  
In Chapter 6, a mechanism was proposed for the formation of organo-metallic
compounds from the reduction of TNT by zinc or iron in the presence of chlorides.  As
mentioned before, the organo-metallic color compounds have absorbance spectra with
maximums in the visible light region of the electromagnetic spectrum, instead of the low
ultraviolet for nitroaromatics like TNT, ADNTs, and DANTs, and TAT.  The analytical
difficulties to positively identify the organo-metallic species and other potential by-products
of the TNT reaction with zinc or iron dictated the use of a bulk measurement, like total
organic carbon (TOC), to track the reduced species in solution.
TOC was measured during each of the 5 days of the aging experiments to track the
TNT reduction products from the reduction of TNT by Fisher zinc or iron in solution versus
the amounts adsorbed onto the metals.  The results obtained are presented in Figures 7.15
and 7.16 for Fisher zinc and iron, respectively.  The TNT disappeared almost completely in
6 hours using either Fisher zinc or iron (see Figures 7.9 and 7.10).  In the experiments using
Fisher zinc, 36.8% of initial TOC in the TNT solution was removed by adsorption onto the
metal surface during Day 1 and 27% during Day 5.  The balance was transformed into
reduction by-products and organo-metallic species.  In the case of iron, 52% and 43% of
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initial TOC was removed by adsorption during Day 1 and Day 5, respectively, with the
balance transformed into reaction-byproducts.  TOC started to plateau at approximately 240
minutes after initiation of the experiments during the 5 days using both metals.  The decrease
in the fraction of TOC adsorbed onto the metal surface, and consequently, the increase in the
fraction of TOC in solution indicates that the amount of reaction by-products in solution
increased as the metals aged.  This implies that not only were new reactive sites formed by
the addition of KCl, but a smaller affinity of the reaction by-products for the aged metal
surfaces.  There are three  possible explanations for the decrease in affinity of the reaction
by-products for the metal surfaces:
1.  The by-products from previous TNT degradation reactions already
adsorbed onto the metal species with new reaction by-products from the fresh
TNT solution, producing compounds with less affinity for the metal surface.
2.  The continuous flow of electrons from the metal core to the metal surface
(pitting and/or crevice corrosion) changes the physicochemical properties
such as polarity, local charges, and oxide structure, thus weakening the
bonding forces between the reaction products and the metal surfaces.  The
chloride ion has been reported to assist in the desorption of other ions from
oxide surfaces (Cornell, 1996)
3.  As chloride is added, the organics adsorbed on the surface transform into
the organo-metallic compounds that are more soluble.
As mentioned above, at the end of Day 5, the metals were extracted with methanol.
No significant peaks for ADNTs or DANTs were observed in solution or the extracts from
the aging experiments, suggesting that the TOC concentration measured in solution or the
TOC adsorbed on the metals were due to the generation of either the organo-metallic
compounds proposed in the previous chapter, azoxytoluenes, and/or other unknown
compounds not detected by HPLC in the UV range.  The dark color of the reacted test
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solutions suggested that the organo-metallic compounds were present in significant
concentrations, compared to other compounds.  The results on the feasibility of oxidizing
TNT reaction by products are presented in Chapter 9, which discusses the integration of
reduction and oxidation for the treatment of TNT contaminated water.  The investigation of
other alternatives to clean and reactivate the surface will be discussed next.
Effect of Other Corrosion Promoters
The overall concept of the integration of reduction and oxidation steps for the
treatment of TNT contaminated waters was described in Chapter 1.  It was hypothesized that
water from the oxidation step could be recycled back to the reduction step to clean the metal
surface of the adsorbed reduction by-products.  Strong oxidizing agents on the metal surface
could have an adverse impact on the degradation of TNT due to the formation of an
excessive amount of oxides.  However, they could also create conditions for a passivating
region, while cleaning the surface of the metal from adsorbed reaction products, which
reduce the reactivity of the metal towards the parent compound.  Basically, the oxidizers
could rejuvenate the metal by removing inhibitory reaction by-products from the surface.
Similar to the aging experiments, the experiments were conducted with the Fisher
zinc for 4 days.  The same metal was challenged every day for 360 minutes with a fresh 10
ppm TNT test solution.  At the end of each day, the system was first flushed for 2 minutes
with 100 ml of methanol, and then for 5 minutes with 500 ml of deoxygenated distilled
water.  At the end of the 4th day, the system was first flushed for 5 minutes with ozonated
distilled water with an approximately 5.5 ppm ozone concentration, and/or ozonated distilled
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water with an approximately 2.77 ppm ozone concentration and 100 ppm hydrogen peroxide,
and then with the methanol and deoxygenated distilled water.  The effect of these surface
cleaning techniques on the degradation of TNT was examined on Day 5, following the
degradation of TNT using a fresh 10 ppm TNT test solution.  The effect of addition of KCl
to the Day 5 TNT test solution was also examined.  In the latter, no ozone or peroxone
surface cleaning was conducted the previous day.  An assessment of the conditions of the
metal surfaces at the end of Day 5 was conducted with SEM and XED.
Figure 7.17 shows that cleaning the surface of Fisher zinc with ozonated water after
4 days of challenging the metal with fresh solutions of TNT had no effect on the degradation
of TNT during Day 5.  The lack of an effect by ozonation on the degradation of TNT may
potentially translate into recycling of treated water from an oxidation step to clean the
surface of the metal from adsorbed by-products.  Ozone is a strong metal oxidizer.  The fact
that the TNT degradation was not affected after washing the zinc with ozonated water
indicates that passivating (significant decrease in metal oxidation) conditions were achieved
during the washing step.  Ozone can transformed TNT reduction by-products adsorbed on
the metal surface potentially promoting their desorption from the surface, and thus,
rejuvenating the surface of the metal by opening reactive sites during the passivation period.
In contrast, the washing the surface of the metal with a combination of ozone and hydrogen
peroxide (peroxone), significantly reduced the activity of the metal.  Further examination of
the metal surface with SEM (see Figure 7.18) did not provide an explanation for this
behavior, since the SEM pictures of the Fisher zinc surface after washing with ozonated
water or peroxone appeared to be the same.  However, the XED spectra presented in Figure
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6.19, indicates that the reduction in metal activity was probably due to the accumulation of
excess oxides on the surface of the metal (see peak for oxygen at 0.5 keV in Figure 7.19).
Comparison of the XED analysis of the unwashed zinc surface with the ozonated and
peroxone washed surfaces shows the formation of more oxides with the peroxone washing
technique (See Figure 7.18 and 7.19).  The oxides on the metal likely act as barrier to the
transfer of electrons from the metal core to the adsorbed organics; thus, slowing the reaction
of TNT with Fisher zinc.
The addition of potassium chloride to the TNT test solution used during the Day 5
experiment exhibited better TNT degradation as compared to those data associated with
metal surface treatments by ozonation or peroxone.  This indicates that the crevice corrosion
mechanism, responsible for the steady activity of the zinc in previous aging experiments, can
act as a surface activation technique even on aged zinc.  The practical implication of this
result is that using chlorides as a surface activation alternative can be done using an
intermittent feed basis instead of being continuously added.  This mode of operation would
prolong the structural stability of the metal.
Different results were obtained for iron.  Figure 7.20 presents the effect of washing
the iron surface with ozonated water and the TNT/potassium chloride solution.  In this case,
washing the surface of the 4days aged iron with ozonated water had no apparent effect on
the degradation of TNT compared with previous days.  Again ozonating may be an
alternative metal surface cleaning technique in hyphenated treatment technologies that
combine reduction by zero-valent metals and oxidation.  The best TNT degradation was
obtained, like in the case of zinc, when the potassium chloride was added to the TNT test
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solution during the Day 5 experiment.  This result underline the importance of the pitting
corrosion mechanism on the acceleration of the TNT degradation even on aged iron.
Summary
The reduction path for the degradation of TNT presented in Figure 2.5 was validated
using Sigma zinc as the zero-valent metal.   ADNTs and 2,4 DANT were identified by
matching HPLC retention times with those of known standards.  The appearance of these
compounds provides strong evidence of the formation of intermediates, such as nitroso and
hydroxyl amino nitro and dinitrotoluenes.  There were several peaks that were not identified
due to lack of standards and spectra on the GC/MS.  It is suspected that these peaks could
be associated with intermediates of ADNTs and 2,4 DANT reduction, but also to TAT,
azoxy toluenes, and other polymeric type compounds.  
It was demonstrated that, in addition to the formation of oxides, the
accumulation of TNT reduction by-products was responsible for the decay of metal
reactivity towards TNT.  A corrosion promoter like potassium chloride remarkably enhanced
the degradation of TNT and maintained the steady reactivity of zinc and iron by providing
a continuous source of electrons on the metal surface caused by the crevice and pitting
corrosion mechanisms, respectively.  The mechanism of pitting and crevice corrosion were
proposed and validated using scanning electron microscope pictures of the metal surfaces
in the presence and absence of chloride.  
It was demonstrated that the pitting and crevice corrosion mechanisms accelerated
the degradation of TNT even with aged iron and zinc.  Other alternatives examined to clean
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the surface of the metal were ozonation and peroxone.  The latter resulted in a significant
decrease of TNT degradation caused by the excessive oxide formation.  The former had no
effect on the degradation of TNT, indicating that ozonation could be a metal surface cleaning
alternative when hyphenated technologies like reduction by metals and oxidation are
combined for the treatment of TNT contaminated waters.  This would only entail recycling
part of the effluent of the oxidation step to the reduction step.  Ozone can transformed TNT
reduction by-products adsorbed on the metal surface potentially promoting their desorption
from the surface, and thus, rejuvenating the surface of the metal by opening reactive sites.
A mechanism for the formation of organo-metallic compounds was proposed to
explain the lack of reduction by-products during the degradation of TNT in the presence of
chloride.  Samples collected for TOC analysis after the complete removal of TNT in the
presence of chloride, confirmed the formation of organic compounds, that were not detected
using the ultraviolet region of the electromagnetic spectrum.  Organo-metallic compounds
are known to have maximum light absorbance in the visible region.  The feasibility of
oxidizing these compounds using ozonation and perozone was evaluated by integrating the
reduction by zero valent metals in the presence of chloride, and oxidation.  These results will
be presented in Chapter 9.
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Table 7.1. Aging effect on the daily zero-order reaction rate constant for the degradation
of TNT by Sigma zinc (Condition: 4 g/L Sigma zinc, anaerobic, 5 ml/sec, and












Table 7.2. Aging effect on the daily first-order reaction rate constant for the degradation
of TNT by Fisher zinc (Condition: 4 g/L zinc, anaerobic, 5 ml/sec, [TNT]o = 25












Table 7.3. Aging effect on the daily first-order reaction rate constant for the degradation
of TNT by iron (Condition: 4 g/L iron, anaerobic, 5 ml/sec, [TNT]o = 10 mg/L,

























Day 1 Day 2 Day 3 Day 4 Day 5
Figure 7.1. Aging effect of the degradation of TNT by Sigma zinc (Conditions: 5 ml/sec,
anaerobic, [TNT]o = 50 ppm, 4 g/L Zn).  The raw data used to prepare this
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Figure 7.2. Time-course of the absorbance spectras of TNT and reaction by-products during
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Figure 7.3. Time-course of the absorbance spectras (smaller absorbance range compared to
































Carrier UKC2 DANT UKC3 TNT UKC5 UKC6
Figure 7.4. Time-course of the absorbance spectra of the peak with a retention time 0.655


























Figure 7.5. Time-course of the absorbance spectras of TNT and reaction by-products during












































































Figure 7.6. Time-course of the absorbance spectras (smaller absorbance range compared to









































Figure 7.7. Time-course of the absorbance spectra of the peak with retention time 0.655
















































































































Figure 7.9. Effect of Fisher zinc aging on the degradation of TNT (Condition: 4 g/L zinc,
anaerobic, 5 ml/sec, [TNT]o = 25 mg/L, and 3 mM KCl).  The raw data used to





















Figure 7.10. Effect of iron aging on the degradation of TNT (Condition: 4 g/L iron,
anaerobic, 5 ml/sec, [TNT]o = 10 mg/L, and 3 mM KCl).  The raw data used



















Figure 7.11. Comparison of the absorbance spectras of an initial TNT test solution (KCl



















Figure 7.12. Comparison of the absorbance spectras of an initial TNT test solution (KCl
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Figure 7.13. Time-course of the absorbance spectras of TNT during the reaction with Fisher
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Figure 7.14. Time-course of the absorbance spectra of TNT during the reaction with iron in


















Day 1 Day 2 Day 3 Day 4 Day 5
Figure 7.15. Effect of Fisher zinc aging on the degradation of TOC (from TNT) in the
presence of KCl.  The raw data used to prepare this figure and the standard

















Day 1 Day 2 Day 3 Day 4 Day 5
Figure 7.16. Effect of iron aging on the degradation of TOC from TNT in the presence of
KCl.  The raw data used to prepare this figure and the standard deviation for




















Figure 7.17. Day 5 degradation of TNT after reactivation of Fisher zinc using ozonation,
peroxone, or KCl.  The raw data used to prepare this figure and the standard
deviation for each data point appear in Table C.6.
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Figure 7.18. SEM micrograph of fresh Fisher zinc, zinc after ozonation, and zinc after
peroxone treatment.
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Day 1 Day 2 Day 3
Day 4 Ozonation (Day 4) KCl (Day 5)
Figure 7.20. Aging and reactivation of iron using ozonation, or KCl.  The raw data used to
prepare this figure and the standard deviation for each data point appear in
Tables C.7 and C.8.
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CHAPTER VIII
PHASE IV:  KINETIC MODELING
The reaction of TNT with zero-valent zinc or iron is an heterogeneous reaction.
Therefore, the principles of heterogeneous catalysis can be applied to model TNT
degradation by these metals.  Considering the relatively low surface areas of Sigma zinc,
Fisher zinc, and iron, and their shape determine by SEM imaging, it can be concluded that
these metals are non-porous.  The reaction of TNT with any non-porous metal can be
represented by steps similar to those suggested by Fogler for herogeneous reactions (Fogler,
1999):
1.  Diffusion of TNT from the bulk liquid to the metal surface.
2.  Adsorption of TNT onto the metal surface.
3.  Reaction of TNT at the metal surface.
4.  Desorption of reaction product from the metal surface.
5.  Diffusion of the reaction product from the metal surface into the bulk liquid.
A flow rate of 12 ml/sec was selected to assure the elimination of diffusion
limitations when determining the reaction parameters of TNT with zinc or iron.  This value
was selected when the  reaction was conducted in the presence of chloride in order to
produce the highest reaction rate.  The enhancement caused by chloride on the degradation
of TNT by Fisher zinc and iron was discussed in Chapter 6.  The data employed to eliminate
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diffusion limitations is presented in Figures 6.3 and 6.4 for Fisher zinc and iron, respectively.
Once the diffusion limitations are eliminated, Steps 1 and 5 become insignificant.
A mechanism was developed using the Reaction Steps 2, 3, and 4.  First, it was assumed that
TNT adsorbs onto reactive site (S) on the surface of the metal.  This process is represented
by:
(1)TNT S TNT S+ ↔ ⋅
where, S represents a vacant reactive site and  the linked TNT-reactive site.  TheTNT S⋅
small amount of TNT recovered extracting the surface of the metal with methanol or
acetonitrile indicated that most of the TNT that disappeared from solution adsorbed on
reactive sites and was transformed to reduced by-products.  Therefore it was assumed that
the majority of the TNT adsorbed onto reactive sites on the metal surface.
Step 3 in the reaction mechanism can be represented by:
(2)TNT S HADNT S⋅ → ⋅
where, is the hydroxyl amine dinitrotoluenes (2-hydroxyl amine-4,6-HADNT S⋅
dinitrotoluene or 4-hydroxyl amine-2,6-dinitrotoluene) adsorbed onto a reactive site.  The
chemical reaction intermediates in the formation of HADNTs are the nitroso-dinitrotoluenes.
HADNTs further reduce under acidic conditions to form amines or react with the nitroso
compounds to produce azoxy toluenes as illustrated in Figure 2.5.  The reductive
transformation of TNT to amines is slow in neutral media (Hudlicky, 1984, Streitwieser, et
al., 1992; Straub, et al., 1993).  Since the data to determine the reaction rate constant for
TNT degradation using zinc and iron  were collected during relatively short reaction periods,
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or using initial rates of reaction, the formation of amines or axoxy toluenes was not
considered for model development.
The final step of the reaction mechanism is the desorption of HADNTs from
the metal surface:
(3)HADNT S HADNT S⋅ ↔ +
Step 3 assumes that the vacant site will be available again for reaction.  Thus, the
mechanism proposed does not consider the effect of metal aging on the degradation of TNT.
An empirical relation will be introduced later in the chapter to take into account the aging
effect on the TNT degradation.  But first, the derivation of the rate expression for the TNT
degradation by iron or zinc followed by its application to experimental TNT degradation data
will be addressed.
The expression for net rate of TNT disappearance from solution is obtained by
adding the rate of adsorption onto and the rate of desorption of TNT from the metal surface.






















= rate constant for the adsorption of TNT on the metal surface,k1
[ ]Lmol active site⋅min
= concentration of TNT in solution, CTNT [ ]mg TNTL
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= concentration of vacant sites, Cv [ ]mol active sitesgr of catalyst
= concentration of TNT adsorbed on the catalyst surface, CTNT S⋅ [ ]mg TNTgr of catalyst
 = adsorption equilibrium constant, K1 [ ]Lmol active sites
= rate constant for the desorption of TNT on the metal surface, k−1
1
min
A site balance was conducted to determine the concentration of vacant sites.  The
total concentration of sites (vacant and occupied) is given by:
(5)C C C Ct v TNT S HADNT S= + +⋅ ⋅
Expressions for the concentration of adsorbed TNT and HADNT on the surface of the metal
were determined using the steady state assumption (Fogler, 1999), and therefore, the net
rates of generation ( ) of  and  are negligible:
molTNT
gr⋅min TNT S⋅ HADNT S⋅
(6)r k C C k C k CTNT S TNT v TNT S TNT S⋅ − ⋅ ⋅= − − =
'
1 1 2 0
(7)r k C k C k C CHADNT S TNT S HADNT S HADNT v⋅ ⋅ ⋅ −= − + =
'
2 3 3 0
where,
= Reaction rate constant for the surface reaction, k2 [ ]1min
= Rate constant for the desorption of HADNT from the metal surface, k3 [ ]1min
= Rate constant for the adsorption of HADNT onto the metal surface,k−3
[ ]Lmol active sites⋅min
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= Concentration of HADNT adsorbed on the metal surface,CHADNT S⋅
[ ]molTNTgr catalyst
= Concentration of HADNT in solution, CHADNT [ ]molTNTL











Rearranging Equation 7 for and substituting  yielded:CHADNT S⋅ CTNT S⋅
(9)C
k C k C C
kHADNT S




















The concentration of vacant sites was obtained after substituting Equations 9 and 10 into































Once expressions for the concentrations of vacant sites and adsorbed TNT were
determined they were substituted into Equation 4 to develop an expression for the rate of
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TNT degradation in terms of the concentrations of TNT and HADNT in solution.
Substitution of Equation 8 into Equation 4 results in:
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Equation 12 can be simplified as follows:
























































Substituting for  in Equation 14 results in a general rate expression for TNT degradation:k1
'
(15)( ) ( ) ( )− = + + + + +− − −
r






















Three limiting cases can be obtained from the general expression (Equation 15) for
TNT degradation.  A rate expression for the case in which adsorption of TNT onto the
surface of the metal is rate limiting can be obtained by assuming that .  Thek k− > >>1 1



























If the reaction of TNT on the metal surface is assumed as the rate limiting step in the
























The last case assumes that desorption of TNT ( ) from the surface of thek k3 3<<< −
metal is the slowest step in the reaction.  Applying this assumption, Equation 15 simplifies
as follows:
(18)r
k K C C

























Once a rate expression was obtained for each of the reaction steps as limiting, the
next task was to determine which of the three rate expressions (see Table 8.1) was superior
in modeling the experimental data for the degradation of TNT by Sigma zinc, Fisher zinc,
and iron.  If one of the model fits the data successfully, the reaction steps proposed and the
particular rate limiting expression may reasonably describe what is occurring physically
within the actual system.
Selection of the limiting case and evaluation of kinetic parameters (All experimental raw
data is included in Appendix A and D)
Experiments were conducted at constant metal concentrations and variable initial
TNT concentrations in order to determine initial rate of disappearance as a function of initial
TNT concentration, which is the reacting species.  It was assumed that the surface area
concentration, which  related to the metal concentration did not change during the reaction.
In order to determine the region with no diffusion effects for the reaction of TNT with Sigma
zinc, two type of reactors and mixing techniques were used: (1)  Sacrificial batch reactors
placed into a rotary shaker with mixing speed control capability, and (2)  Recirculated batch
reactor that included a pump with flow control capability within the close loop. 
In the case of Fisher zinc and iron, the experiments were conducted in the
recirculated batch reactor using the flow conditions that eliminated mass transfer limitations
in the experiments conducted with potassium chloride additions (See Chapter 6).  The
elimination of diffusion effects under the fastest degradation conditions ensures the same
outcome at the significantly slower TNT degradation obtained with Fisher zinc and iron.
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Figure 8.1 presents the effect of mixing speed (revolutions per minute) on the
degradation of TNT by Sigma zinc.  The metal and initial TNT concentrations in these
experiments were approximately 10 g/L and 25 mg/L, respectively.  It can be observed that
the TNT degradation was mass transfer limited at mixing rates between a 25 and 100
revolutions per minute (rpm).  When the rate of mixing was increased to 200 rpm, no
significant difference in degradation compared to 100 rpm was noticed, indicating the
reaction have approached conditions in which the rate of diffusion of TNT from bulk of the
solution to the metal surface has no effect on TNT degradation.  
In order to demonstrate the elimination of diffusion effects on the reaction of TNT
with Sigma zinc at 200 rpm, the initial rate of degradation was calculated using polynomial
fitting and plotted versus mixing rate.  The data of concentration versus time was fitted to
a third order polynonium and the derivative with respect to time at time equal zero calculated
using Polymath 5.  The mole balance for the batch reactor used for the degradation of TNT






= Rate of TNT degradation, − rTNT
mg
L⋅min
= Concentration of TNT, CTNT
mg
L
t = Reaction time, minutes
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Thus, the derivative of concentration with respect to time evaluated at t = 0 is equivalent to
the initial rate of TNT degradation.
Figure 8.2 demonstrates more conclusively that the TNT degradation at 200 rpm is
free of diffusion effects.  The figure illustrates the effect of mixing rate on the initial rate of
degradation.  The curve observed is characteristic of heterogeneous systems in which the rate
of diffusion of the reactant from the bulk liquid to the reactive surface limits the rate of
reactant disappearance at low mixing rates.  At high mixing rates, the rate of degradation
becomes completely independent of diffusion effects and limit by one or a combination of
the reaction steps adsorption, reaction, and desorption.  Therefore, kinetic parameters were
evaluated in the absence of diffusion effects.
In order to ensure that elimination of mass transfer limitation was also attained in the
experiments conducted with the recirculated batch reactor, the degradation of TNT was
evaluated in both systems using the same initial TNT concentration used during the shaker
experiment (25 mg/L), and a volumetric flow rate of 5 ml/sec.  The results obtained by both
systems are shown in Figure 8.3.  Except for an initial sudden dropped in the concentration
of TNT in the shaker system, which was probably caused by an adsorption/desorption
phenomena at the beginning of the experiment, the performance of both systems was
practically identical.  Therefore, experiments conducted at 200 rpm in the batch/shaker
system and at 5 ml/sec in the recirculated batch reactor were considered free of diffusion
limitations.  Experiments to determine the kinetic parameters for the reaction of TNT with
Sigma zinc were conducted in the recirculated batch reactor.
The design equation of the recirculated batch reactor can be derived by writing a
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mass balance around the entire system as shown in Figure 4.1(reactor and reservoir).  The
volume of the connecting lines and the pump are assumed to be negligible.  Since the metal
particles where only present inside the column (reactor), it was considered that reaction
occurs only inside the column.  An overall mass balance around the whole system is given
by:
(20)IN OUT GENERATION ACCUMULATION− + =
(21)
( ) ( )










= Rate of degradation of TNT, − r
mg
L ⋅min
= Metal volume, LitersVR
= Concentration of TNT inside column, CTNTR
mg
L
= Concentration of TNT inside reservoir, CTNTT
mg
L
= Volume of reservoir, LVT
= Time, minutest
In writing Equation 21, it was assumed that the rate of reaction of TNT inside the
column was constant.  This assumption is valid when the reactor is operated in the absence
of diffusion effects and under conditions of differential operation (small volume of metal),
which were indeed the operating conditions of the experiments.  The change in TNT
concentration from entrance to exit of the column is also very small ( ) underC CTNTR TNTT≈

















The application of the recirculated batch reactor to calculate reaction rate constants
requires the normalization of these values to the actual volume or surface area of metal









was used to normalized the calculated kinetic parameters.  
A polynomial fitting technique was employed to determine the reaction rate
parameters,  (rate constant for the reaction of TNT with zinc or iron) and/or K1kTNT
(adsorption equilibrium constant).  The procedure was the same to that used to prepared
Figure 8.2.  The data of TNT degradation versus time was fitted to a second or third order
polymonium using Polymath 5.  The polymonium was then used to calculate the derivative,




concentration.  Initially, there is no HADNT in the system; thus, calculation of the initial rate
allows elimination of the  term.  Polymath 5 was used again to calculate the valuesCHADNT
of  and/or K1 that best fitted the data of initial rate versus concentration.  kTNT
The initial rate of reaction for the adsorption limited case reduces to:
(23)− =r kCTNT TNT,0 0
where,
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= initial TNT degradation, rTNT ,0
mg
L⋅min
 = rate constant for TNT disappearance from solution, k k Ct= 1
1
min
= initial TNT concentration, CTNT 0
mg
L
The data points and the fitted curve using Equation 23 are presented in Figure 8.4.
The R2 = 0.9933 indicated that the adsorption limited model physically describes the
behavior of the system in the range of concentrations investigated.  A value for =k
0.0022  was obtained from the slope of the line presented in Figure 8.4.  The surface area1min






















A large value for the intercept (= 0.1197) of the line is indicative that other processes,
besides the adsorption of TNT, are contributing significantly to the TNT disappearance at
low TNT concentrations.  This behavior is not characteristic of a first order process, thus,
it was decided to also evaluate the surface reaction limited model to describe the data of
TNT degradation using Sigma zinc.  The expression for the initial rate of TNT degradation
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= rate constant for the degradation of TNT, k k C Kt2 2 1
' = 1min
The curve describing the fitting of the model to the TNT degradation data using
Equation 24 is also shown in Figure 8.4.  In this case, the R2 = 0.96,  = 0.024 , andk2
' 1
min
K1 =0.088 .  The Polymath solution report describing other statistical parameters of the
L
mg
data fitting is included in Appendix D.  The surface area normalized reaction rate constant,
, was 0.276 .  It appears that the surface reaction limiting model also describeskTNT
L
m2 ⋅min
well the degradation of TNT using Sigma zinc.  There could be the possibility that the
combination of the adsorption and reaction steps is limiting the reaction.  More points of the
initial rate of TNT degradation at lower initial TNT concentrations are necessary in order to
definitely select between the two models (adsorption or reaction limiting) that best describes
the TNT degradation data.  Unfortunately, Sigma discontinued the zinc used in this study
and experiments at the low concentration were not conducted.  The initial reaction rate for
the desorption limiting case reduces to a zero order expression.  Figure 8.4 demonstrates that
the reaction is not zero order, thus the desorption limited case was not further considered.
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In this study, the reaction limiting case was selected because it describes better what
physically occurs in a solid/liquid heterogeneous reaction at low and high concentrations.
The reaction is an apparent first order at low concentration and zero order at high
concentration due to the saturation of reactive sites.  The fact that first-order type behavior,
instead of zero-order behavior expected for the surface reaction limited case at relatively
high concentrations of TNT, was stilled observed at an initial TNT concentration of 51.31
mg/L indicates a large number of available reactive sites (non-saturated surface). 
The effect of the surface reaction limiting conditions is also caused by competing
effects due to the formation and strong adsorption of HADNT onto the surface of the Sigma
zinc as well as further reaction by-products like the amines not taken into account in this
model.  Once formed, most of the HADNT remains adsorbed (large value k-3  in Equation 17)
occupying reactive surface sites that become unavailable for TNT degradation.  These effects
are impossible to capture without measurable HADNT and amine concentrations in solution.
As can be seen in Figure 8.5, for initial concentrations of TNT of 26.77 mg/L and
11.32 mg/L, the curve of the time-course change in TNT concentration obtained from the
integrated form of Equation 25 (See Equation 26) of the reaction limited rate expression
without the CHADNT term, was in excellent agreement with the experimental data.  Therefore,
the inhibitory effect of HADNT and other reaction by-products are not observed at relatively
low initial concentrations of TNT because of the availability of numerous reactive sites.
However, the expression failed to predict the degradation of TNT when the initial TNT
concentration was 51.31 mg/L.  The adverse effect of the adsorbed HADNTs and amines
mentioned above are more noticeable at relatively high initial TNT concentrations.  This is
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reasonable, since at high initial TNT concentrations, more HADNTs will be formed and
adsorbed onto the surface; thus, occupying reactive surface sites initially available for TNT
degradation.









 + − = −1
The reduction in the number of reactive surface sites due to excessive build up of the
adsorbed HADNTs and amines is a form of deactivation analogous to poisoning in catalysis.
The formation of oxides was another form of catalyst deactivation (fouling) believed to have
an effect on the TNT degradation.  Oxides could act as electron transfer barriers and
decrease the rate of reduction of the compounds adsorbed on the metal surface.  Thus, the
metal deactivation effect observed was believed to be caused by fouling and poisoning of
the metal surface.  Considering that the concentration of hydroxyl amines was not measured
due to the lack of standards, the amines (2-amino-4,6-dinitrotoluene and 4-amino-2,6-
dinitrotoluene) measured in solution for the three initial TNT concentrations evaluated was
insignificant,  and  no practical experimental approaches were known to link the reduction
in metal activity to the identity of the oxides, the effect of deactivation by fouling and
poisoning was included in the rate expression by adding an “overall” activity term, a, to the
reaction limited rate expression without the CHADNT term.  This new equation  inclusive of a











There are several empirical decay laws used to model catalyst deactivation in
industrial processes (Fogler,1999).  Some examples are presented in Table 8.2.  Linear and
exponential forms of the activity were examined to model the TNT degradation data for the
51.32 mg/L initial concentration without success.  In contrast, excellent results were
obtained using the reciprocal power form of the activity (shown below):
(28)a t t( ) = −β
The poisoning constant, , was determined by fitting the integrated form of Equation 27β
using Polymath 5 to the data for time-course of degradation of TNT observed when the
initial TNT concentration was 51.32 mg/L.  The expression fitted to the data is given by:






















The predicting capability of this model is shown in Figure 8.6.  The value of  andβ
the correlation coefficient, r2, were 0.13 and 0.97, respectively.  Excellent results were
obtained, especially at the later stages of the reaction period examined.  The poisoning
constant gives an idea of the proneness of the metal surface to poisoning.  A comparison of
the propensity to poisoning of the three metal examined is given later in the chapter after the
discussion of the reaction kinetics for Fisher zinc and iron.
It was assumed that the TNT degradation by Fisher zinc and iron was also reaction
limiting.  Figures 8.6 and 8.7 show that the degradation of TNT by Fisher zinc and iron,
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respectively, was rapid early into the reaction test period but, depending on the initial
concentration, the reaction slowed down significantly after 60 to 120 minutes.  Shorter
experiments were conducted to determine the initial TNT degradation rates, and reaction rate
and equilibrium constants.  The reaction period examined was prior to the plateau region
observed in Figures 8.7 and 8.8.  Initial TNT concentrations of 1 mg/L and 70 mg/L were
used with Fisher zinc, and 1 mg/L and 60 mg/L were used with the iron experiments.  The
experiments at the low TNT concentrations of 1 mg/L were run for 10 minutes for Fisher
zinc and 50 minutes for iron.  High concentration experiments were run for 60 minutes with
both of the metals.
Figure 8.8 presents the data of the short experiments involving the degradation of
TNT by Fisher zinc.  The data for the low and high concentrations were fitted to first and
second order polynomiums, respectively.  The polynomiums obtained for the 1 mg/L and 70
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The derivative for each of these polynomiums at t = 0 yields the initial reaction rate divided



















The initial rates of TNT degradation were calculated by substituting the values of the











L= ⋅ = ⋅0 0022 70 998 01561. . .min min
Considering that the reaction limiting rate expression reduces to first order behavior
at relatively low concentrations, the value of 0.017  in Equation 32 was taken as the1min
apparent first order rate constant.  At high concentrations the rate expression reduces to zero
























The reaction rate constant for the degradation of TNT using Fisher zinc in terms of




















The calculated values of kTNT and K1 for Fisher zinc are similar with those obtained for Sigma
zinc (0.278  and 0.087 ).  The small differences were most likely caused by theLm2 ⋅min
L
mg
different methods used for the calculations and differences in the number of reactive sites
on the metal surfaces. An attempt to take into account the differences in the number of
reactive sites was made by expressing the rate constant in terms of the surface area of the
catalyst.  The XPS analyses (see Figure 5.2) indicated that Sigma zinc and Fisher zinc have
almost identical compositions, which led to the conclusion that the reactive sites on both
metals have similar reactivities.  The surface area and surface contour differences, revealed
by the SEM pictures, suggests that Sigma zinc had more reactive sites per unit area than
Fisher zinc.  In contrast, comparison of the two rate constants suggests a similar number of
reactive sites per surface area of metal.  The time-course degradation of TNT during the
reaction with Fisher zinc corroborated the limited number of reactive sites on Fisher zinc
compared to Sigma zinc.  The rapid deactivation of the Fisher zinc compared to Sigma zinc
due to the limited number of reactive sites can be noticed in the semi-plateau region reached
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after a relatively short reaction period.  Especially at TNT concentrations above 10 mg/L.
Thus, it was concluded that the relatively small differences in the kinetic parameters was
caused by the different methods of calculations.  Unfortunately, experiments at the low
concentration of 1 mg/L TNT were not conducted with Sigma zinc.  This metal was
discontinued by Sigma Corporation and all the metal available at MSU was used in the
previous experiments.  In view of the similarities between Fisher zinc and Sigma zinc, an
average of the reaction rate constants was calculated for both metals.  The value obtained
was 0.332 .Lm2 ⋅min
The long term predictive capability of the surface reaction limited model was
examined for the degradation of TNT with Fisher zinc.  As mentioned before, the surface
reaction limited rate expression derived from the reaction steps proposed (see Equation 18)
does not include a term for metal deactivation.  The model predicts the continuous
degradation of TNT and the continuous regeneration of reactive surface sites.  However,
deactivation of Fisher zinc was expected, especially after the experience with Sigma zinc.
The value obtained for the poisoning constant, , obtained for Fisher zinc (0.26) was twiceβ
as large the value calculated  for Sigma zinc (0.13).  Like Sigma zinc, the poisoning constant
was calculated by fitting Equation 25 to the data from the time-course concentration of TNT
using Polymath 5.  A value of the poisoning constant was calculated for each initial TNT
concentration and an average was calculated resulting in the obtained value of 0.26.  The
higher poisoning constant corroborated that Fisher zinc has less reactive surface sites than
Sigma zinc.  Therefore, is expected that a lesser number of reactive sites will be depleted
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faster than a larger number of reactive sites.  
Figure 8.9 illustrates the predicting capability of the model when the deactivation
term is included and Table 8.3 shows the correlation coefficients and the poisoning constants
obtained for each initial TNT concentration.  The model seems to describe better what is
occurring physically in the system at low initial TNT concentrations.  Other effects such as
saturation of the surface and amines corrosion inhibition are significant at high
concentrations.
The kinetic parameters for the reaction of TNT with iron were determined using
exactly the same procedure applied for Fisher zinc.  The time course of TNT degradation at
different initial TNT concentrations and a constant iron concentration are shown in Figure
8.7.  Similar to the case of Fisher zinc, the degradation was rapid early into the reaction
period, followed by a semi-plateau region where the decrease in TNT was considerably
slower.  Considering that the trend of the degradation curves was almost identical to those
of Fisher zinc, the surface reaction limited rate expression was selected to model the
reaction.  The polynomium equations that described the early part of the reaction for initial
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The apparent first order rate constant and the adsorption equilibrium constant























Since the surface area concentration,  , for the experiment was 0.024 , theρs mL
2













This value was approximately twice the average value obtained for zinc, which
indicates that iron is more reactive with TNT than zinc per unit surface area.  Based on the
experience with Fisher and Sigma zinc, the surface reaction limited rate expression was not
expected to predict the degradation of TNT during the later stages of the reaction period.
Thus, a poisoning constant was calculated for iron, and the data modeled with a rate
expression including the reciprocal power form of the activity for each initial concentration.
Table 8.4 presents the values obtained for the poisoning constant with each initial
concentration examined.  An average value for the poisoning constant of 0.62 was used to
model the TNT degradation data presented in Figure 8.7.  The model predictions are
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presented in Figure 8.11.  Similar to zinc, the model predictive capability was better at
relatively low concentrations.  Most likely the iron surface saturation and corrosion
inhibition associated with the HADNTs and amines have the same effect on the degradation
of TNT by iron.  
An estimated average from previous studies on the surface area normalized reaction
rate constant for the degradation of TNT by zero valent iron obtained using either batch or
column reactors was  (Scherer et al, 2001).  This value is two orders of0 008 2. min
L
m
magnitude smaller compared to the values obtained in this study using zinc ( )0 332 2. min
L
m ⋅
or iron ( ).  However, most of the values reported for the degradation of0825 2. min
L
m ⋅
nitroaromatic compounds, including TNT, by iron have been obtained under mass transfer
limiting conditions.  A value of was obtained by Scherer et. al. (2001) for102 2. min
L
m ⋅
the reaction of iron and nitrobenzene, which has a similar reactivity with iron compared to
TNT, under kinetically limiting condition.  This value compared closely to the one obtained
in this study.  Comparison with other studies cannot be made for the degradation of TNT by
zinc because this investigation is the first in this area.
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Summary
Table 8.5 summarizes the calculated surface area normalized rate constant for the
reaction of TNT with Sigma zinc, Fisher zinc, and iron using the surface reaction limiting
model.  An average of the rate constants for Sigma and Fisher zinc was 0.332 .  TheL
m2 ⋅ min
rate constant calculated for iron was 0.825 .  Comparison of the rates constantsL
m2 ⋅ min
indicates that iron is more reactive towards TNT than zinc.  However, comparison of the
poisoning constants for Sigma zinc, Fisher zinc, and iron explains why the overall TNT
degradation using zinc is larger compared to that of iron.   The iron oxides layer formed on
the iron surface during the degradation of TNT as well as the TNT reaction by-products had
a stronger adverse effect on the TNT degradation than the zinc oxides and TNT by products
had on zinc.  This may be caused by the different type of oxides (iron [II] and iron [III]
formed on the surface of the iron.  The iron oxides formed during the experimental  provided
a larger resistance.  The lower value of the poisoning constant of Sigma zinc compared to
Fisher zinc are most likely related to the more irregular surface of the Sigma zinc.  These
irregularities are high energy points on the surface of the metal that can dissolve at a faster
rate and are more difficult to passivate.
The results obtained imply that even though the reaction of TNT with zinc or iron
is controlled by diffusion at relatively small mixing rates, the mass transfer limitations are
overcome as the metal ages due the accumulation of oxides and by-products on the metal
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surface.  This consideration is critical for the design of systems using zinc or iron for the
treatment of TNT contaminated waters.  Calculation of the amount of metal to achieve a
specified conversion, assuming that the system remains kinetically limited at a specific flow
rate (ex-situ systems), could result in using significantly less material than necessary and the
operation of the system at a residence time that will not achieve the specified conversion.
In contrast, significantly more material than necessary to achieve a specified conversion
could result, if mass transfer limitations are assumed during the whole operation of in-situ
systems because of the small groundwater flow rates encounter in this situations.
Alternatives to rejuvenate the surface of the metal, like those examined in Chapter 7, are the
solution necessary to maintain the metal operating at constant activity, reduce the amount
of reactive material necessary to achieve required water treatment goals, and thus, capital
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Table 8.1. Summary of rate expressions obtained for each of 
the reaction steps as limiting.









Linear a to= −1 β Conversion of para-
hydrogen on tungsten
when poison with oxygen
Exponential a e t= −β1 Ethylene hydrogenation on
Cu poisoned with CO
Reciprocal a A to=
−β3 Cracking of gas oil and
gasoline on clay
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Table 8.3. Poisoning constants obtained for each initial TNT concentration examined for









Table 8.4. Poisoning constants obtained for each initial TNT concentration examined for









Table 8.5. Summary of surface area normalized rate constants obtained for the reaction of









Sigma zinc 0.386 0.13





















Figure 8.1. Effect of mixing rate on TNT degradation of TNT by Sigma zinc (Conditions:
10 g/L Zn, anaerobic, [TNT]o = 30 ppm ).  The raw data used to prepare this

























Figure 8.2. Effect of mixing rate on the initial rate of TNT degradation.  The raw data used

















Figure 8.3. Comparison between shaker and recirculated batch reactor experiments.  (The
initial TNT concentration was approximately 25 mg/L).  The raw data used to










































TNTo = 51.31 (Exp) TNTo = 51.31 (Rx Lim Beta = 0)
TNTo = 51.31 (Rx Lim Aging Beta = 0.13) TNTo = 26.77 (Exp)
TNTo=26.77 (Rx Lim Beta = 0) TNTo = 11.32 (Exp)
TNTo = 11.32 (Rx Lim Beta = 0)
Figure 8.5. Time-course degradation of TNT modeled using the reaction limited rate
expression with/without a power decay law parameter (to account for

















1 ppm 10 ppm 30 ppm 70 ppm 
Figure 8.6. Effect of initial concentration on TNT degradation by Fisher zinc.  (Experiments
were conducted under anaerobic conditions, a metal concentration of 4 g/L, and
a volumetric flow rate of 12 ml/sec.  The raw data used to prepare this figure
















1 ppm 10 ppm 30 ppm 60 ppm 
Figure 8.7. Effect of initial concentration on TNT degradation by iron.  (Experiments were
conducted under anaerobic conditions, a metal concentration of 4 g/L, and a
volumetric flow rate of 12 ml/sec).  The raw data used to prepare this figure and
the standard deviation for each data point appear in Tables A.11 and A.12.
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CTNT/CTNTo = -0.017t + 0.9946
R2 = 0.9859
















70 ppm TNT 1 ppm TNT Linear (1 ppm TNT) Poly. (70 ppm TNT)
Figure 8.8. Short term experiments studying the effect of the initial TNT concentration on
the degradation of TNT by Fisher zinc  (Conditions: Anaerobic, 12 ml/sec, 4 g/L
Zn).  The raw data used to prepare this figure and the standard deviation for
















10 ppm (exp) 10 ppm (model) 30 ppm (exp) 30 ppm (model)
70 ppm (exp) 70 ppm (model) 1 ppm (exp) 1 ppm (model)
Figure 8.9. Comparison of experimental values for TNT degradation using Fisher zinc
modeled by the surface reaction rate limiting model (includes  reciprocal power
decay).
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CTNT/CTNTo = -1E-05t3 + 0.0009t2 - 0.0198t + 0.986
R2 = 0.9438
















1 ppm (exp) 60 ppm (exp) Poly. (1 ppm (exp)) Poly. (60 ppm (exp))
Figure 8.10. Short term experiments studying effect of the initial TNT concentration on
the degradation of TNT by iron  (Conditions: Anaerobic, 12 ml/sec, 4 g/L
Zn).  The raw data used to prepare this figure and the standard deviation for
















1 ppm (exp) 1 ppm (Model) 10 ppm (exp) 10 ppm (model)
30 ppm (exp) 30 ppm (model) 60 ppm (exp) 60 ppm (model)
Figure 8.11. Comparison of experimental values for TNT degradation using ZVI




PHASE V:  INTEGRATION OF REDUCTION AND OXIDATION
In Chapter 7, several alternatives were evaluated to remove the adsorbed reaction by-
products from the metallic surfaces.  It was concluded that ozonated water seems like a
feasible alternative for cleaning the surface of aged zinc and iron.  This will have practical
applications in the implementation of a hybrid (combination of reduction and oxidation)
technology in the field, since a fraction of the effluent water from the oxidation step could
be potentially recycle back to the reduction step to clean the surface of the metal.
Furthermore, it was demonstrated that the intermittent addition of chloride could create a
rejuvenated zinc and iron surface.  Compounds adsorbed onto zinc and iron surfaces react
to form other by-products, which may stay adsorbed onto the metal surface or by merit of
being more soluble diffuse into the bulk of solution.  The addition of chloride to TNT
solutions treated with zinc and iron promotes more complete and accelerated reduction of
TNT.  This chapter discusses experiments conducted to evaluate the feasibility of oxidizing
reaction by-products from the reduction of TNT using zinc and iron in the presence of
chlorides.  Ozonation, peroxone, and Fenton’s Reaction (only in the iron system) were
evaluated as candidate oxidation technologies.  Since all reduction by-products were not
detected, TOC was used to track the mineralization of TNT.  The raw data for the oxidation
experiments are listed in Appendix E.
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Figure 9.1 illustrates the reduction step which entails the reaction of TNT with Fisher
zinc.  The degradation of TNT during the reduction step and the corresponding TOC time
profile are both included in the figure.  Each line represents an average of five runs.  It can
be observed from the figure that TNT was removed to below detection levels (bdl) within
360 minutes.  In contrast, approximately 50% of the TOC remained in solution, indicating
transformation of TNT to other organic compounds.  As proposed in Chapter 7, the TOC in
solution likely represents organo-metallic complexes, azoxytoluenes, and other polymeric
type compounds .  The balance of the TOC is assumed to be strongly adsorbed onto the
metallic surface, since it is thermodynamically impossible to mineralize TNT using zinc. 
The oxidation schemes examined after zinc reduction were:
1.  Ozonation (5% (w/w) in the gas phase)
2.  Peroxone
A.  5% O3 and 20 mg/L H2O2
B.  1% O3 and 1000 mg/L H2O2
C.  1% O3 and 136 mg/L H2O2
D.  1% O3 and 20 mg/L H2O2 (injected semi-continuously)
Oxidants were added semi-batch with respect to ozone and batch with respect to
hydrogen peroxide; except, in Scheme D when the hydrogen peroxide was added semi-
continuously to maintain a constant concentration of hydrogen peroxide in the reactor.
Scheme 1 was selected to evaluate the effect of a relatively high ozone concentration on the
degradation of the reduce by-products.  It was also used as a screening experiment to
examine the resistance to oxidation of the  by-products from the reduction step.  Scheme A
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was selected to examine the effect of hydrogen peroxide addition (peroxone) on the
degradation of reduction by-products.  The other schemes were selected based on the
analysis of the degradation data obtained for Scheme 1 and A and past experiences in the
application of the peroxone technology (Hernandez, et al., 2002)
Figure 9.2 presents the results obtained for the oxidation step for each of the schemes
evaluated.  The ozonation (5%) experiment resulted in an overall (reduction and oxidation)
TOC removal of 85% from solution and 64% TOC removal during the oxidation step.  The
addition of hydrogen peroxide increased TOC removal during the oxidation step.  98% and
97% of the TOC was removed during the oxidation step and overall treatment, respectively.
The significant increment in TOC removal achieved with addition of hydrogen peroxide is
a result of the hydroxyl radical generation from the reaction between ozone and hydrogen
peroxide.  The hydroxyl radical is known to be a more powerful oxidant compared to ozone
and hydrogen peroxide (Hernandez et al., 2002).
Past experiences in applying the peroxone technology for the treatment of
contaminated waters, indicate that significantly lower than 5% ozone in the gas phase in
combination with hydrogen peroxide is usually effective to degrade organics in contaminated
waters.  Therefore, the ozone concentration in the gas phase was reduced to 1% (w/w).
Figure 9.2 illustrates that high hydrogen peroxide concentrations (1% O3 and 1000 ppm
H2O2) had an adverse effect on the degradation of reduced by-products.  This is caused by
the scavenging effect of the hydrogen peroxide toward the hydroxyl radical (Zappi, 1995).
This effect was also observed at a hydrogen peroxide concentration of 136 ppm.  A TOC
removal that compares favorably with Scheme A was obtained adding hydrogen peroxide
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semi-continuously into the system, in order to maintain a relatively low and constant
hydrogen peroxide concentration to avoid the hydroxyl radical scavenging effect.  The
continuous presence of hydrogen peroxide in the system provides a continuous source of
hydroxyl radicals by reacting with ozone.
The removal of TOC in the oxidation step indicated that the by-products from the
reduction step were converted to carbon dioxide, water, nitrates, and other inorganic
compounds.  This is a significant finding.  This is the first time, that complete mineralization
of TNT using relatively low concentration of ozone and hydrogen peroxide has been
reported in the scientific literature.  Zappi used peroxone for the oxidation of TNT which
resulted in the generation of TNB, which is more resistant to oxidation than the parent
compound (Zappi, 1995).  Although several by-products were detected in his work ,
mineralization was not completely verified using TOC data.
Another evidence of the transformation of the reduction-by products is the change
in color during the oxidation step.  In Chapter 6, the formation of an organo-metallic
complexes was proposed as the main products during the reduction step.  Water during this
stage of treatment went from clear to dark yellowish (with zinc).  The color disappeared
completely when the solution from the reduction step was treated using ozone or peroxone,
indicating the destruction of chemical bonds in route to mineralization. 
In addition to TOC percent removal, the first order rate constant and the mass ratio
of H2O2/O3 (H/O) were calculated to compare the performance of the examined oxidation
schemes.  The first order rate constants for each oxidation strategy was calculated using the















CTOC = TOC concentration at time t, 
mg
L
CTOCo = Initial TOC concentration for the oxidation step.
The results obtained are presented in Table 9.1.  The highest first order rate constants
were obtained for the peroxone oxidation strategies using 5% O3 and 20 ppm H2O2 (batch
added) and 1% O3 and 20 ppm H2O2 (semi-batch added), indicating the enhancement of TOC
degradation with the peroxone system.  Again, low concentrations of hydrogen peroxide are
necessary to avoid the scavenging effect of the hydrogen peroxide toward the hydroxyl
radical.  Additionally, ozone demand (ozone transferred - ozone residual) can be reduced by
a factor of two using the 1%O3 and 20 ppm H2O2 (semi-batch added) compared to 5% O3 and
20 ppm H2O2 (batch added).  Therefore a more efficient use of ozone is achieved using the
H2O2 semi-batch added peroxone system.  Lower ozone concentrations could translate in
operational cost savings in field applications.  The H/O ratio calculated (0.230) for the 1%O3
and 20 ppm H2O2 (semi-batch added) and illustrated also in Table 1 compares favorably with
the optimum ratio (0.2 to 1.0) determined by other investigators for the treatment of waters
contaminated with a different organic compounds (Glaze et al., 1987; Zappi, 1996).
When iron was used during the reduction step (see Figure 9.3), TNT completely
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disappeared from solution within 360 minutes, suggesting that all the initial TNT was
transformed into reduced by-products measured as TOC.  Fifty three percent of the initial
TOC was adsorbed onto the metal surface.  As in the case with zinc, both lines in Figure 9.3
are averages of five runs.  
The oxidation schemes evaluated for the iron reduced test solution were:
Scheme E - 5% O3
Scheme F - 3% O3 and 730 mg/L H2O2
Scheme G - 3% O3 and 100 mg/L H2O2
Scheme H - 3% O3 and 20 ppm mg/L H2O2 (injected semi-continuously)
Scheme I - 113 mg/L H2O2
Scheme E, like in the zinc case, was selected as to examine the resistance to
oxidation of the  by-products from the reduction step.  Since it was discovered that the
oxidation of the reduced by-products from the reaction of TNT with iron in the presence of
chloride was more difficult than by-products from the reaction with zinc, a 3% (w/w) ozone
concentration (Schemes F, G, and H) was selected for all peroxone experiments.  Scheme
E was selected as an oxidation alternative, considering that iron dissolution generates ferrous
ions in solution, which can react with hydrogen peroxide (Fenton’s reaction) to generate the
powerful hydroxyl radical.  
The results of the oxidation of TNT reduced by-products from the reaction with iron
are presented in Figure 9.4.  It appears that all the oxidation strategies examined, except
Scheme E which performed poorly, removed TOC from solution during the first 20 minutes
of treatment followed by a plateau.  The Fenton’s Reaction scheme had negligible TOC
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removal (14%) with Scheme H (3% O3 and 20 ppm mg/L H2O2 semi-batch added) having
the highest TOC removal (48% of the initial TOC).  The other oxidation scheme TOC
removals were in between Scheme H and I.
The H/O ratio was calculated for the oxidation schemes examined in the post iron
reduction experiments.  The results are presented in Table 9.2.  In this case, the H/O ratios
had no correlation with the TOC removal obtained with the evaluated oxidation schemes.
Additionally, none of the first order rate constants calculated using Equation 1 had a R2
greater than 0.5, thus they were not included in Table 9.2.  Zero-order kinetics were also
evaluated with similar results.  It was concluded that the TOC removal from solution does
not followed first or zero order kinetics. 
Comparison between the oxidation of reduced by-products of TNT from the reaction
with zinc and iron in the presence of chloride demonstrated that the latter are significantly
more difficult to oxidize.  The organo-metallic complex presented in Figure 6.8 could
contain amine, hydroxylamine, and/or nitroso groups attached to the benzene rings.  Ozone
can easily opened the benzene ring by attacking an amine group and a neighboring hydrogen
in the benzene ring (Spangord, et al., 1997) resulting in mineralization.  The reaction is even
faster with the hydroxyl radical (Spangord, et al., 1997).  
The geometrical configuration of iron and zinc azoxydioxide complexes is related
to their oxidation resistance.  The azoxydioxide complex formed with zinc is tetrahedral
compared to octahedral for iron.  Figure 9.5 shows the geometrical configuration for iron and
zinc complexes.  A nitroso aromatic group is attached to each of the oxygen in the structures
(two are shown as example).  As mentioned in Chapter 6, the nitroso groups interact to form
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the azoxydioxide complex.  Both iron and zinc complexes have a positive two charge and
are surrounded by  and , respectively.  The iron azoxydioxide complex isFeCl4
− ZnCl4
−
bulkier than the zinc complex, making access to the amine group or the nitrogen double
bonds in the azoxydioxide complex difficult, and thus, more resistant to oxidation.  In the
case of zinc, ozone or the hydroxyl radical have access from the bottom to the nitrogen
double bonds or possible amine groups attached to the benzene ring, explaining the easier
mineralization of the complex.  This findings indicate that integration of zinc and peroxone
is more effective in treating TNT contaminated waters compared to integration of iron and
peroxone.  The integration of zinc and peroxone will transformed TNT to lower molecular
weight and potentially non-toxic compounds compared to the integration of iron and
peroxone.
Even if part of the TOC remained adsorbed to the zinc, it was demonstrated in
Chapter 7, that the zinc could remained active toward the degradation of TNT by controlling
the amount of chloride added to the system.  In addition, recycling part of the effluent from
the oxidation step back to the reduction step could potentially be used as an alternative to
clean the zinc surface from the adsorbed compounds.
The combination of reduction and oxidation processes for the treatment of TNT
contaminated water can mineralize TNT.  Future studies on the toxicity of the effluents will
be essential for the  application of the integrated technology in the treatment of the millions
of gallons of groundwater contaminated with TNT in several military sites in the Unites
States and other parts of the world.
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Summary
It has been established that the combination of reductive and oxidative processes for
the treatment of TNT contaminated water can transformed TNT into low molecular weight
organic and inorganic compounds.  The combination of zinc in the presence of chloride
followed by oxidation is more effective than iron in the presence of chloride followed by
oxidation for the treatment of TNT contaminated water.  The difference in performance
could be explained by the higher hydroxyl radical scavenging capability of the iron chloride
salt formed during the production iron organo-metallic complexes compared to zinc chloride
salt, or the potentially slower reaction of the iron organo-metallic complex with the hydroxyl
radical.  The mineralization of TNT was demonstrated at different extends, using both
treatment scenarios (zinc/oxidation or iron/oxidation).  The field application of this type of
reductive oxidative technology will be limited by the effect of other inorganic and organic
contaminants present in real waters on the system performance.  This will be a topic of future
studies.
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Table 9.1. Ozone transfer efficiency, transferred mass, transferred dose, H/O mass ratio, and first order rate constant during the
oxidation step of the reduction by-products from the reaction of TNT by Fisher zinc.

















5% O3 0.05 3.55 425.73 3.500 0 0.0113 0.4994
5% O3+20 ppm H2O2 0.11 9.06 1086.92 3.500 0.022 0.0391 0.9112
1% O3+115 ppm H2O2 0.27 4.30 516.56 0.250 0.022 0.0149 0.9364
1% O3+20 ppm H2O2
semi-continuously
0.21 4.20 503.82 0.375 0.230 0.0315 0.8979


































Table 9.2. Ozone transfer efficiency, transferred mass, transferred dose, and H/O mass ratio during the oxidation step of the
reduction by-products from the reaction of TNT by iron.











5% O3 0.02 2.00 240.48 12.30 0
3% O3 + 730 ppm H2O2 0.29 14.89 1787.29 1.93 0.408
3% O3 + 100 ppm H2O2 0.03 1.67 200.96 7.12 0.497
3% O3 + 10 ppm H2O2
semi-continuously




























Figure 9.1. Time-course degradation of TNT during the reduction step using Fisher zinc
and the corresponding TOC concentration (Conditions: 4 g/L Zn, [TNT]o =
30 ppm,  flow rate = 5 ml/sec).  The raw data used to prepare this figure and




























Figure 9.2. Time course degradation of TOC during various oxidation schemes.  The
oxidation treatment followed the reduction step using Fisher zinc in the
presence of potassium chloride presented in Figure 9.1.  The water was
treated with each oxidation scheme for 1 hour.  The raw data used to prepare




























TNT removal TOC rem by red
Figure 9.3. Time-course degradation of TNT during the reduction step using iron, and
the corresponding TOC concentration (Conditions: 4 g/L Fe, [TNT]o = 20
ppm, flow rate = 5 ml/sec).  The raw data used to prepare this figure and the



























Figure 9.4. Time course degradation of TOC during various oxidation schemes.  The
oxidation treatment followed the reduction step using iron in the presence of
potassium chloride presented in Figure 9.3.  The water was treated with each
oxidation scheme for 1 hour.  The raw data used to prepare this figure and the

































Figure 9.5. Spatial geometry of the organo-metallic species formed during the reaction
of TNT with zinc or iron in the presence of chloride.
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CHAPTER X
ENGINEERING SIGNIFICANCE AND IMPLICATIONS TO DESIGN
The results of this study clearly indicate that integration of reductive and oxidative
technologies can be effective for treating TNT contaminated waters.  In contrast to previous
studies recommending an in-situ approach using zero-valent iron (reactive barriers) for the
treatment of groundwater contaminated with chlorinated organic compounds, the results
obtained in this research indicate that the ex-situ approach is the best treatment alternative
to remediate water contaminated with TNT (and possibly chlorinated solvents).  The TNT
reduction by-products act as corrosion inhibitors, consequently  decreasing the rate of TNT
degradation.  The effect of other corrosion inhibitors present in real waters, such as
carbonates and bicarbonates, was not investigated in this study; however, their likely adverse
effect on TNT degradation further supports the use of ex-situ instead of in-situ systems,
when treating TNT.
Issues of metal poisoning will be easier to control in ex-situ systems.  The
alternatives of metal rejuvenation investigated in this research, specifically the addition of
chloride, can easily be applied in an ex-situ system.  Moreover , the fast rates of degradation
obtained when chloride is added to the contaminated water would make an in-situ system
with the common groundwater flow rates of 1 ft/day mass-transfer limited.  This translate
into using more metal than a kinetically limited system to achieve the same treatment goal.
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The results obtained on metal rejuvenation imply that an intermittent chloride
addition is the best approach compared to ozonation and peroxone to recover the reactivity
of the metal toward TNT.  This approach results in further reduction of compounds adsorbed
onto the surface of the metal and the creation of new reactive sites on the metal surface.
Additionally, intermittent addition of chloride will preserve the structural integrity of the
metal over for a longer period.  
Flushing the metal with ozonated water could be another alternative for metal
rejuvenation.  This study demonstrated that flushing the metal with ozonated water did not
form an excessive amount of oxides on the surface of the metal, maintained a constant
reactivity toward TNT, and potentially cleaned the surface of the metal of adsorbed TNT
reaction by-products.   This metal surface cleaning step can be easily applied during the
operation of integrated ex-situ systems recycling effluent from the oxidation system to the
metal canisters. 
The design of an ex-situ hybrid system using zero-valent metals and the peroxone
oxidation technology will generally consist of an equalization tank, various canisters filled
with metal plumbed in parallel, and a larger scale version of the pilot peroxone systems
described elsewhere (Hernandez and Fleming, 1997; Zappi, 1996).  The parallel operation
of the metal canisters would allow for continuous operation, since some of the metal
canisters can be taken off line during periods of metal rejuvenation using either addition of
chloride or recycling of ozonated water, while others metal canisters continue with the water
treatment operation.  In the case of groundwater treatment, the water would be injected back
to the aquifer.  This mode of operation would create a treated water front moving as a plug
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flow within the aquifer.  Sampling wells can be place along the path of the treated water to
monitor the performance of the system.  Furthermore, the metal in the canisters can be
visually inspected by constructing the canisters with viewing windows.  Visual inspection
of the metals would give an indication of the condition of the metal surface (excessive
accumulation of oxides).  This information coupled with data on system performance could
help determine when the metallic species need to be changed or rejuvenated.  The same
design would be used to treat TNT contaminated wastewater with the exception that the
effluent would be discharge to a publicly owned treatment system
The rate expression including the decay parameter developed in this study for the
reaction of TNT with zero-valent metal and the experimental protocol used to determine the
reaction rate constants for the reaction of TNT with zinc or iron can be used to evaluate the
application of the technology for waters containing other organic and inorganic contaminants
of concerns, corrosion inhibitors, and/or hydroxyl radical scavengers.  The protocol and rate
expression will yield the necessary information to design the metal canisters.  Information,
such as the amount of metal necessary to achieve a specific treatment goal in the reduction
step and the time profile of metal activity, can be determined by assuming a plug-flow design
for the metal canisters.  
The protocol during the oxidation experiments can be used to determined ozone
demand, and the optimum ozone/hydrogen peroxide ratio to achieve the best TOC
degradation using real waters.  This information can be used to size ozone generators and
the hydrogen peroxide feeding system.  Treatability studies will be necessary to evaluate the
effects of water matrices on the performance of the hydrid system.  Unfortunately, a general
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design package for all waters based on flow rates, treatment goals, and rate constants
calculated under one-set of operating conditions and water matrix is not possible until a
history of performance is developed.
The zinc/oxidation integrated system for the treatment of TNT contaminated water
resulted in the best TOC removal not only compared to the other system (iron/oxidation)
examined in this study, but to all other destructive technologies reported in the literature,
operating at ambient temperature and pressure, for the treatment of water contaminated with
explosive compounds.  The design of this system will have to take into consideration the
higher toxicity of zinc compared to other zero-valent metals like iron.  As mentioned earlier,
studies on the toxicity of the effluent from the integrated system are necessary.  However,
ex-situ treatment would make the task of removing zinc from the treated effluent stream
easier by installing an ion exchange resin as a polishing step.  A cost and benefit analysis
will have to be conducted, weighing better performance of the treatment system versus




The results of this study provide sufficient evidence that a hybrid system of a
reductive process (using zero-valent zinc or iron), coupled with an oxidation step technology
(like peroxone) is a viable treatment technique for TNT contaminated waters.  The hybrid
system achieved significant mineralization of TNT, instead of the generation of reduction
or oxidation by-products as is the case when the technologies are applied as stand-alone
treatment systems.  In addition to the overall performance, several conclusions can be
reached individually.  They are:
! Zinc and iron yielded the best TNT removal from contaminated water compared to
other zero-valent metals tested (tin, copper, and nickel).  This result agreed well with
thermodynamic calculations of the feasibility of these metals to degrade TNT.
! Relatively high TNT concentrations will saturate the reactive sites on the zinc or iron
surfaces, thus, significantly reducing the rate of reaction.  The saturation
concentration will depend on the surface conditions of the metal (irregularities,
kinks, and edges).  Sigma zinc had higher saturation concentration than Fisher zinc
and iron.
! High concentrations of dissolved oxygen (aerobic conditions) had an adverse effect
on the rate of TNT reduction because oxygen competes with TNT for available
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electrons on the metal surface.  The adverse effect is stronger with iron as the
reducing agent, since several different oxides and hydroxides can be formed with this
metal which can act as a barrier to electron transfer.  
! Acidic initial pH values increased the degradation of TNT by zinc or iron.  The effect
is stronger in the case of iron, since the rate of formation of hydrogen is several
orders of magnitude faster with this metal.  Hydrogen can also react with TNT to
generate reduced by-products.
! The pathway of TNT degradating to form amino-dinitritoluene, diamino-
nitrotoluene, and triaminotoluene was validated using Sigma zinc.
! The condition of the metal surface (irregularities, kinks, and edges) has an effect on
the initial rate of degradation of TNT as well as the aging rate of the metal.  This was
demonstrated by calculating poison constants for Sigma and Fisher zinc.  The poison
constant for Sigma zinc was 0.13 compared to 0.26 for Fisher zinc.
! Iron aged (looses activity) faster than zinc due to the formation of a more inhibitory
oxide layer on the surface of the metal and the stronger effect of adsorbed reaction
by-products on the electron transfer efficiency.  The poison constant for iron was
0.62.
! The mechanism of pitting corrosion produced by chloride can be used to accelerate
the degradation of TNT using iron or zinc as reducing agents.  The calculated surface
area based, normalized first order reaction rate constants in the presence of chloride
were 0.850 and 0.546  for Fisher zinc and iron, respectively.  These values
L
m2 ⋅ min
were calculated using the whole reaction period.  The apparent first order reaction
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rate constant without chloride present in the test solution were 0.825 and 0.332
for Fisher zinc and iron, respectively.  These values were calculated using
L
m2 ⋅ min
the initial reaction rate and were expected to decrease with time in proportion to the
poison constant for each metal.  
! Chloride addition can be used as anti-aging agent for the metals by creating an all
reactive surface.  Adsorbed TNT reduction by-products will be further reduced and
potentially desorbed from the metal surface.  Desorption of the reduced by-products
is desired since these compounds will be oxidize during the oxidation step of the
treatment process.  
! Another alternative to metal surface cleaning is ozonated water.  This alternative did
not accelerate the degradation of TNT, indicating that it could be used to oxidize the
by-products adsorbed onto the metal surface without formation of excessive oxides
that can act as electron transfer barriers.
! The addition of chloride to TNT contaminated water catalyzes the formation of
organo-metallic species.  When zinc is used as the reducing agent, this organo-
metallic species are easily mineralized by ozonation or peroxone.  An overall
(reduction and oxidation) 97% TOC removal was obtained using zinc in the
reduction step and ozonation (5% (w/w) ozone in the ozonated sparged stream) in
the oxidation step.  Ninety three percent of the TOC entering the oxidation step was
mineralized using this treatment train.  However, a more effective use of ozone was
achieved by adding 20 mg/L hydrogen peroxide semi-continuously into the system
and using 1% ozone in the ozonated sparged stream.  This treatment train removed
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93% of the overall TOC and 80% of the TOC entering the oxidation step.
! The organo-metallic species generated in the presence of chloride with iron are more
difficult to oxidize than the complex formed with zinc.  The resistance to oxidation
of the iron complex is associated with its bulky octahedral configuration which
hinders ozone and hydroxyl radical access to amines and the axoxydioxide nitrogen
group double bonds.  The tetrahedral configuration of the zinc complex makes for
easier access to the amines and nitrogen double bonds, and thus, fast mineralization.
The peroxone system adding 20 mg/L H2O2 semi-continuously and using 3% ozone
in the ozonated gas stream resulted in the best TOC removal for the TNT reduction
by-products from the reaction with iron.  Forty eight percent of the TOC entering the
oxidation step was mineralized.
! It was demonstrated that the application of reductive/oxidative technologies using
zero-valent iron or zinc, followed by peroxone resulted mostly in the formation of
low molecular weight inorganic compounds.
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RAW DATA FOR SCREENING PHASE
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Table A.1. Degradation of TNT using Fisher zinc (Experimental conditions:  Flow rate = 12 ml/sec, 













0 11.70 11.59 11.64 0.078 7.350 6.721 7.0355 0.445
60 7.63 7.95 7.79 0.226
120 6.95 7.53 7.24 0.410 9.654 9.638 9.646 0.011
180 6.64 6.35 6.50 0.205
240 6.00 6.57 6.28 0.403 9.835 9.860 9.8475 0.018
300 5.40 5.89 5.64 0.346
360 5.78 6.08 5.93 0.212 9.652 9.258 9.455 0.279
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Table A.2. Degradation of TNT using Sigma zinc (Experimental conditions:  Flow rate = 5 ml/sec, metal 









pH-A pH-B pH Avg. Standard 
Deviation
0 11.31 11.32 11.32 0.007 7.505 7.815 7.660 0.219
10 10.53 10.52 10.53 0.007 8.692 8.913 8.803 0.156
20 8.74 8.75 8.75 0.007 8.822 8.986 8.904 0.116
40 6.08 6.10 6.09 0.014 9.011 9.096 9.054 0.060
60 3.97 3.98 3.98 0.007 9.081 9.185 9.133 0.074
120 1.68 1.70 1.69 0.014 9.122 9.269 9.196 0.104
180 0.58 0.58 0.58 0.000 9.302 9.301 9.302 0.001
242.5 BDL BDL BDL ------ 9.707 9.373 9.540 0.236
BDL = Below detection limit
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Table A.3. Degradation of TNT using iron (Experimental conditions:  Flow rate = 12 ml/sec, metal 









pH-A pH-B pH Avg. Standard 
Deviation
0 11.42 11.22 11.32 0.141 6.534 6.749 6.642 0.152
60 8.63 9.54 9.09 0.643
120 8.37 8.37 8.995 8.750 8.873 0.173
180 6.87 6.87
240 6.84 9.25 8.05 1.704 9.673 9.847 9.760 0.123
300 6.24 8.08 7.16 1.301
360 6.11 6.11 8.970 9.116 9.043 0.103
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Table A.4. Degradation of TNT using tin (Experimental conditions:  Flow rate = 12 ml/sec, metal 









pH-A pH-B pH Avg. Standard
Deviation
0 10.72 10.75 10.74 0.021 8.725 8.719 8.72 0.004
60 10.66 10.08 10.37 0.410
120 11.16 10.30 10.73 0.608 9.582 8.991 9.29 0.418
180 10.28 10.28
240 11.11 11.01 11.06 0.071 9.752 9.513 9.63 0.169
300 10.07 10.35 10.21 0.198
360 10.96 10.77 10.87 0.134 9.435 9.854 9.64 0.296
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Table A.5. Degradation of TNT using nickel (Experimental conditions:  Flow rate = 12 ml/sec, metal 









pH-A pH-B pH Avg. Standard
Deviation
0 11.12 10.87 11.00 0.177 8.270 7.597 7.934 0.476
60 9.49 9.41 9.45 0.057
120 10.76 10.75 10.76 0.007 8.370 8.501 8.436 0.093
180 9.27 8.99 9.13 0.198
240 10.40 10.35 10.38 0.035 9.006 9.458 9.232 0.320
300 9.80 9.90 9.85 0.071
360 10.26 10.14 10.20 0.085 8.734 9.011 8.873 0.196
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Table A.6. Degradation of TNT using copper (Experimental conditions:  Flow rate = 12 ml/sec, metal 









pH-A pH-B pH Avg. Standard 
Deviation
0 11.52 11.41 11.47 0.039 8.267 8.965 8.616 0.494
60 11.09 11.39 11.24 0.106
120 11.21 11.08 11.15 0.046 9.383 8.856 9.120 0.373
180 11.27 10.33 10.80 0.332
240 11.02 11.05 11.04 0.011 9.268 8.802 9.035 0.330
300 10.59 10.48 10.54 0.039
360 9.58 9.54 9.56 0.014 9.051 8.906 8.979 0.103
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Table A.7. Raw data of experiments conducted to study the effect of TNT initial concentration on the degradation of TNT using 




















0 26.80 26.75 26.78 0.035 7.303 51.30 51.33 51.32 0.021 7.53
10 23.67 23.66 23.67 0.007 8.365 47.90 47.54 47.72 0.255 8.548
20 22.47 22.48 22.48 0.007 8.413 45.57 45.55 45.56 0.014 8.598
40 20.26 20.23 20.25 0.021 8.516 41.22 41.22 41.22 0.000 8.805
60 16.87 16.87 16.87 0.000 8.625 39.37 39.35 39.36 0.014 8.747
120 8.62 8.62 8.62 0.000 8.916 33.27 33.30 33.29 0.021 8.955
180 4.03 4.03 4.03 0.000 28.01 28.03 28.02 0.014 9.311
240 1.04 1.04 1.04 0.000 9.375 24.03 23.99 24.01 0.028 9.436
300 BDL BDL 0.00 9.345 20.76 20.76 20.76 0.000 9.436
360 BDL BDL 0.00 9.381 13.54 13.28 13.41 0.184
BDL = Below detection limit
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Table A.8. Raw data of experiments conducted to study the effect of TNT initial concentration on the degradation 





















0 70.771 71.225 70.998 0.321 34.98 35.20 35.09 0.156 7.117
60 61.466 62.574 62.020 0.783 27.92 30.32 29.12 1.697
120 58.467 60.231 59.349 1.247 28.60 29.33 28.97 0.516 8.105
180 62.226 59.456 60.841 1.959 26.94 25.13 26.04 1.280
240 63.811 61.457 62.634 1.665 26.54 28.56 27.55 1.428 9.717
300 59.407 57.943 58.675 1.035 25.37 26.72 26.05 0.955
360 57.256 57.148 57.202 0.076 25.34 27.73 26.54 1.690 9.803
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Table A.9. Raw data of experiments conducted to study the effect of TNT initial concentration 
on the degradation of TNT using Fisher zinc (Experimental conditions:  Flow 
















0 7.58 10.70 10.76 11.08 10.03 1.642 7.109
60 6.82 6.21 5.78 6.97 6.45 0.552
120 5.45 5.15 5.22 7.01 5.71 0.878
180 5.11 4.99 4.36 5.81 5.07 0.594
240 4.75 3.72 4.75 6.17 4.85 1.007
300 4.06 4.28 4.41 5.48 4.56 0.632
360 4.60 4.69 4.65 6.01 4.99 0.683 9.789
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Table A.10. Raw data of experiments conducted to study the effect of TNT initial concentration on 
the degradation of TNT using Fisher zinc (Experimental conditions:  Flow 















0 1.21 1.10 1.28 1.13 1.18 0.081
2 1.04 1.02 1.14 1.03 1.06 0.056
5 0.96 0.99 1.06 1.03 1.01 0.044
10 0.79 0.88 0.97 1.00 0.91 0.095
15 0.85 0.84 1.02 0.94 0.91 0.085
20 0.69 0.93 0.81 0.170
30 0.61 0.94 0.78 0.233
60 0.59 0.93 0.76 0.240
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Table A.11. Raw data of experiments conducted to study the effect of TNT initial concentration on the degradation of 




















0 63.00 64.07 63.54 0.757 31.89 31.45 31.67 0.31
10 62.48 58.90 60.69 2.528
20 62.00 56.79 59.39 3.688 29.53 29.87 29.70 0.24
30 62.91 59.83 61.37 2.178
40 60.64 58.68 59.66 1.386 28.74 29.74 29.24 0.71
50 60.94 57.11 59.03 2.706 29.31 28.89 29.10 0.30
60 59.33 59.53 59.43 0.144
120 61.30 57.98 59.64 2.348 26.27 28.15 27.21 1.33
180 55.58 55.58 29.01 28.99 29.00 0.01
240 62.18 58.07 60.12 2.909 29.49 28.05 28.77 1.02
300 56.17 56.17
360 57.93 57.53 57.73 0.286 26.53 27.29 26.91 0.54
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Table A.12. Raw data of experiments conducted to study the effect of TNT initial concentration on the degradation of TNT 






















0 11.42 11.22 11.32 0.141 0 1.23 1.27 1.25 0.028
60 8.63 9.54 9.09 0.643 5 1.09 1.11 1.10 0.013
120 8.37 8.37 10 1.08 1.10 1.09 0.017
180 6.87 6.87 20 1.07 1.09 1.08 0.011
240 6.84 9.25 8.05 1.704 35 1.05 1.07 1.06 0.016
300 6.24 8.08 7.16 1.301 40 1.06 1.04 1.05 0.013
360 6.11 6.11 45 0.99 0.99 0.99 0.002
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Table A.13. Raw data of experiments conducted to study the effect of dissolved oxygen on the degradation of TNT using 
Fisher zinc (Experimental conditions:  Flow Rate = 12 ml/sec, metal concentration = 4 g/L).





















0 11.47 11.62 11.55 0.106 11.28 11.12 11.20 0.113 10.03
60 9.77 10.05 9.91 0.198 8.32 7.79 8.06 0.375 6.45
120 10.15 10.27 10.21 0.085 8.46 8.31 8.39 0.106 5.71
180 9.03 9.47 9.25 0.311 6.55 7.35 6.95 0.566 5.07
240 9.90 10.01 9.96 0.078 6.19 6.80 6.50 0.431 4.85
300 9.35 9.37 9.36 0.014 5.21 5.67 5.44 0.325 4.56
360 9.85 9.93 9.89 0.057 5.04 5.04 ---- 4.99
1.  The average was calculated using the raw data in Table A.9.
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Table A.14. Raw data of experiments conducted to study the effect of dissolved oxygen on the 
degradation of TNT using iron (Experimental conditions: mixing rate = 200 rpm, metal 
concentration = 10 g/L).



















0 26.20 26.17 26.19 0.021 26.04 25.99 26.02 0.035
10 25.27 26.18 25.73 0.643 24.55 25.25 24.90 0.495
20 23.03 23.32 23.18 0.205 22.33 21.58 21.96 0.530
40 22.61 22.86 22.74 0.177 20.24 21.56 20.90 0.933
60 22.06 22.88 22.47 0.580 20.63 20.99 20.81 0.255
120 21.37 22.44 21.91 0.757 17.57 18.18 17.88 0.431
180 21.14 22.18 21.66 0.735 16.03 16.63 16.33 0.424
240 19.61 19.84 19.73 0.163 13.71 14.03 13.87 0.226
300 20.05 20.46 20.26 0.290 12.39 13.23 12.81 0.594
360 19.98 20.25 20.12 0.191 11.37 11.72 11.55 0.247
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Table A.15. Raw data of experiments conducted to study the effect of initial pH on the degradation of TNT 
using Fisher zinc (Experimental conditions:  Flow rate = 12 ml/sec, metal concentration = 4 g/L).





















0 10.03 10.08 10.06 0.035 11.29 11.15 11.22 0.10 10.03
60 7.45 9.59 8.52 1.513 4.90 6.02 5.46 0.79 6.45
120 7.91 10.37 9.14 1.739 5.19 5.57 5.38 0.27 5.71
180 7.13 8.94 8.04 1.280 4.02 5.12 4.57 0.78 5.07
240 7.65 10.07 8.86 1.711 4.66 4.44 4.55 0.16 4.85
300 6.75 9.36 8.06 1.846 4.39 4.21 4.30 0.13 4.56
360 7.47 9.83 8.65 1.669 4.33 3.59 3.96 0.52 4.99
1.  The average was calculated using the raw data in Table A.9.
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Table A.16. Raw data of experiments conducted to study the effect of initial 
pH on the degradation of TNT using iron (Experimental 
conditions:  Flow rate = 12 ml/sec, metal concentration = 4 g/L).













0 10.75 10.71 10.73 0.03 11.32
60 3.24 3.10 3.17 0.10 9.09
120 1.61 1.71 1.66 0.07 8.37




1.  The average was calculated using the raw data in Table A.12.
BDL = Below detection limit
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APPENDIX B
RAW DATA FOR THE EFFECT OF A CORROSION PROMOTER ON THE
DEGRADATION OF TNT
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Table B1.   Raw data of experiments conducted to study the effect of initial KCl or NaCl concentration on the degradation of TNT using
Fisher zinc (Experimental conditions:  Flow rate = 12 ml/sec, metal concentration = 4 g/L).


























0 32.297 32.291 32.294 0.004 30.242 31.980 31.111 1.229 24.574 24.224 24.399 0.247
5 31.752 31.696 31.724 0.040 29.494 30.752 30.123 0.890
10 31.757 32.095 31.926 0.239 29.512 29.605 29.559 0.066
15 32.141 32.155 32.148 0.010 29.250 29.382 29.316 0.093
20 32.100 32.066 32.083 0.024 27.666 28.806 28.236 0.806
25 32.087 30.477 31.282 1.138 26.870 27.972 27.421 0.779
30 32.086 32.53 32.308 0.314 25.910 27.693 26.802 1.261
35 31.144 30.192 30.668 0.673 24.156 26.245 25.201 1.477
40 31.158 28.86 30.009 1.625 23.324 26.163 24.744 2.007
45 31.026 28.666 29.846 1.669 21.673 24.402 23.038 1.930
50 32.198 31.424 31.811 0.547 20.105 24.309 22.207 2.973
55 30.822 28.604 29.713 1.568 18.309 22.814 20.562 3.186
60 30.149 27.823 28.986 1.645 16.395 21.806 19.101 3.826 3.215 2.247 2.731 0.684
120 26.486 25.09 25.788 0.987 3.291 6.702 4.997 2.412 0.391 0.159 0.275 0.164
180 25.990 24.014 25.002 1.397 0.610 1.648 1.129 0.734 BDL BDL BDL
240 25.075 23.159 24.117 1.355 BDL 0.531 0.531 [NaCl] =  3 mM










360 24.043 23.289 23.666 0.533 0 29.85 31.69 30.77 1.30
60 8.02 5.98 7.00 1.44
120 3.63 0.39 2.01 2.29
180 0.75 0.21 0.48 0.38
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Table B2. Raw data of experiments conducted to study the effect of initial TNT concentration on the degradation of TNT using Fisher
zinc in the presence of potassium chloride ( 3 mM) (Experimental conditions:  Flow rate = 12 ml/sec, metal concentration
= 4 g/L).































8 23.078 22.688 22.883 0.276
10 14.572 13.882 14.227 0.488
20 22.342 23.006 22.674 0.470 9.992 10.018 10.005 0.018
30 19.815 19.459 19.637 0.252 7.642 6.830 7.236 0.574
40 14.39 15.148 14.769 0.536 5.009 5.491 5.250 0.341
50 4.024 4.622 4.323 0.423
60 9.535 10.001 9.768 0.330
90 7.974 9.008 8.491 0.731 1.164 1.484 1.324 0.226
120 5.123 4.677 4.900 0.315 5.007 4.873 4.940 0.095
150 3.300 3.478 3.389 0.126 0.379 0.765 0.572 0.273
180 2.401 2.471 2.436 0.050 2.713 2.649 2.681 0.045
210 1.486 1.808 1.647 0.228 BDL BDL BDL
240 0.992 1.416 1.204 0.300 1.236 1.628 1.432 0.277
270 0.427 2.437 1.432 1.421
300 BDL 1.438 0.719 0.735 0.941 0.838 0.146
330 BDL 1.17 0.585
360 BDL 0.994 0.497 0.715 0.319 0.517 0.280
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Table B3. Raw data of experiments conducted to study the effect of initial TNT concentration on the degradation of TNT using Fisher
zinc in the presence of potassium chloride ( 3 mM) (Experimental conditions:  Flow rate = 12 ml/sec, metal concentration
= 4 g/L).



















0 19.655 19.913 19.784 0.182 9.611 9.601 9.606 0.007
2 8.832 8.744 8.788 0.062
4 8.729 8.221 8.475 0.359
6 9.157 8.133 8.645 0.724
8 7.632 7.942 7.787 0.219
10 13.259 13.519 13.389 0.184 7.783 7.491 7.637 0.206
20 9.843 9.445 9.644 0.281 6.011 6.173 6.092 0.115
30 6.111 6.917 6.514 0.570 4.159 5.865 5.012 1.206
40 4.517 5.101 4.809 0.413 4.149 4.163 4.156 0.010
50 3.615 3.611 3.613 0.003 3.862 3.100 3.481 0.539
60 2.478 2.776 2.627 0.211 3.142 2.666 2.904 0.337
90
120 1.003 0.223 0.613 0.552
180 BDL BDL BDL
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Table B4. Raw data of experiments conducted to study the effect of flow rate on the degradation of TNT using Fisher zinc in the
presence of potassium chloride ( 3 mM) (Experimental conditions:  Flow rate = 12 ml/sec, metal concentration = 4 g/L).



























0 24.406 24.392 24.399 0.010 26.987 25.503 26.245 1.05 26.223 29.545 27.884 2.349
60 3.149 2.313 2.731 0.591 4.637 4.009 4.323 0.44 9.563 8.779 9.171 0.554
120 0.391 0.159 0.275 0.164 1.529 1.119 1.324 0.29 4.183 4.695 4.439 0.362
180 BDL BDL BDL 0.418 0.726 0.572 0.22 2.601 2.611 2.606 0.007
240 0 BDL BDL 1.623 1.627 1.625 0.003
300 0.888 1.088 0.988 0.141
360 0.547 0.667 0.607 0.085
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Table B5. Raw data of experiments conducted to study the effect of flow rate on the degradation of TNT using iron in the presence of
potassium chloride ( 3 mM) (Experimental conditions: anaerobic, metal concentration = 4 g/L).



























0 15.70 15.70 15.70 0.000 19.296 19.004 19.150 0.206 19.115 18.925 19.020 0.134
60 10.47 8.00 9.24 1.747 10.694 11.146 10.920 0.320 10.939 10.941 10.940 0.001
120 3.72 4.70 4.21 0.693 8.593 9.107 8.850 0.363 6.666 6.674 6.670 0.006
180 2.06 2.09 2.08 0.021 3.467 2.893 3.180 0.406 4.189 4.591 4.390 0.284
240 0.82 0.80 0.81 0.014 1.680 1.800 1.740 0.085 2.973 3.207 3.090 0.165
300 0.33 0.31 0.32 0.014 1.208 0.772 0.990 0.308 1.827 2.493 2.160 0.471
360 BDL BDL BDL 0.785 0.295 0.540 0.346 1.106 1.634 1.370 0.373
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Table B6. Raw data of experiments conducted to study the effect of potassium chloride on the 
degradation of TNT using iron in the presence of potassium chloride ( 3 mM) (Experimental 
conditions: 12 ml/sec, anaerobic, metal concentration = 4 g/L).





















0 30.179 31.581 30.880 0.991 34.14 31.39 32.77 1.945 11.32
60 16.154 19.78 17.967 2.564 14.65 13.32 13.99 0.940 9.09
120 8.009 7.359 7.684 0.460 3.16 3.48 3.32 0.226 8.37
180 2.446 2.434 2.440 0.008 0.66 BDL 0.66 6.87
240 0.673 1.311 0.992 0.451 BDL BDL 8.05
300 BDL BDL BDL 7.16
360 6.11
1.  Average also shown in Table A.16.
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Table B7. Raw data of experiment conducted to compared the addition of 3 mM potassium chloride 
on TNT degradation using Fisher zinc with the same potassium chloride addition and 
experimental conditions using iron (Experimental conditions: flow rate = 12 ml/sec, metal 











0 30.09 31.45 30.77 0.96
60 7.00 7.00
120 1.64 2.38 2.01 0.53
180 BDL 0.97 0.97
Table B8.  Raw data of the time-course concentration in 
solution of Zn +2 during the TNT degradation using Fisher zinc. 









Table B9. Comparison between the degradation of TNT using acid-washed and non-acid washed 
Fisher zinc (Experimental conditions: 12 ml/sec, anaerobic, metal concentration = 4 g/L).













0 9.94 10.23 10.08 0.21 10.03
30 6.02 5.89 5.95 0.09
60 4.46 4.75 4.60 0.21 6.45
90 3.49 3.50 3.49 0.00
120 3.01 3.18 3.10 0.12 5.71
150 2.48 2.62 2.55 0.10
180 2.22 2.80 2.51 0.41 5.07
1.  Average also shown in Table A.9.
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Table B10. Comparison between the degradation of TNT using acid-washed and non-acid washed 
iron (Experimental conditions: 12 ml/sec, anaerobic, metal concentration = 4 g/L).













0 11.58 12.05 11.82 0.34 11.32
30 10.20 10.65 10.43 0.32
60 9.62 10.24 9.93 0.44 9.09
90 8.23 8.06 8.15 0.13
120 7.92 7.90 7.91 0.01 8.37
150 6.42 6.57 6.49 0.10
180 6.73 6.48 6.61 0.18 6.87
1.  Average also shown in Table A.16.
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APPENDIX C
RAW DATA FOR THE AGING AND REDUCTION BY-PRODUCTS EXPERIMENTS
WITH/OUT CORROSION PROMOTERS
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Table C.1. Raw data of time-course degradation of TNT during aging experiments with Sigma zinc (Conditions: 5 ml/sec, anaerobic,
[TNT]o = 50 ppm, 4 g/L Zn).







Avg SD A ppm B ppm Avg SD A ppm B ppm Avg SD A ppm B ppm Avg SD A ppm B ppm Avg SD
0 56.09 55.69 55.89 0.28 51.29 53.61 52.45 1.6 53.15 52.89 53.02 0.2 51.06 50.94 51.00 0.085 55.89 56.07 55.98 0.13
10 55.21 57.97 56.59 1.95 47.75 49.73 48.74 1.4 50.24 48.52 49.38 1.2 45.26 48.48 46.87 2.277 51.25 53.95 52.60 1.91
20 55.04 58.96 57.00 2.77 46.89 50.03 48.46 2.2 48.77 49.47 49.12 0.5 41.27 45.83 43.55 3.224 49.73 55.29 52.51 3.93
40 50.72 47.28 49.00 2.43 39.97 41.51 40.74 1.1 45.31 47.43 46.37 1.5 41.76 43.14 42.45 0.976 48.77 56.99 52.88 5.81
60 48.03 46.13 47.08 1.34 38.23 36.35 37.29 1.3 43.81 44.21 44.01 0.3 39.73 41.51 40.62 1.259 46.16 53.14 49.65 4.94
120 35.77 37.03 36.40 0.89 36.05 36.09 36.07 0.0 35.46 33.26 34.36 1.6 33.56 33.20 33.38 0.255 45.23 48.21 46.72 2.11
180 19.82 23.28 21.55 2.45 28.39 28.29 28.34 0.1 23.76 24.52 24.14 0.5 26.76 23.66 25.21 2.192 40.76 38.90 39.83 1.32
240 7.56 9.80 8.68 1.58 26.40 28.40 27.40 1.4 15.89 13.37 14.63 1.8 16.82 17.74 17.28 0.651 33.80 33.86 33.83 0.04
300 2.59 5.03 3.81 1.73 23.87 24.17 24.02 0.2 7.51 8.63 8.07 0.8 9.49 12.45 10.97 2.093 27.49 31.17 29.33 2.60
360 2.15 0.03 1.09 1.50 21.43 24.13 22.78 1.9 3.99 3.05 3.52 0.7 5.77 6.81 6.29 0.735 24.52 24.44 24.48 0.06
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Table C.2. Raw data of time-course degradation of TNT during aging experiments with Fisher zinc in the presence of KCl (Conditions:
Anaerobic, 4 g/L Zn, [TNT]o = 25 ppm, 5 ml/sec).

























0 25.04 25.09 25.07 0.04 25.11 23.38 24.25 1.22 24.99 23.81 24.40 0.84 24.23 22.44 23.34 1.26 25.01 23.35 24.18 1.2
60 11.15 10.41 10.78 0.52 11.33 10.32 10.83 0.71 11.21 11.23 11.22 0.01 12.15 11.79 11.97 0.25 15.06 13.68 14.37 1.0
120 6.41 4.11 5.26 1.63 6.01 5.17 5.59 0.60 6.09 5.39 5.74 0.50 7.06 6.84 6.95 0.16 10.84 11.15 11.00 0.2
180 3.08 2.95 3.01 0.09 3.16 2.59 2.87 0.41 3.84 3.12 3.48 0.51 5.64 3.64 4.64 1.41 7.03 8.59 7.81 1.1
240 1.79 1.72 1.75 0.05 1.82 1.83 1.83 0.01 2.57 1.61 2.09 0.68 3.79 1.53 2.66 1.60 4.44 6.71 5.57 1.6
300 0.73 1.23 0.98 0.35 0.98 1.16 1.07 0.13 1.23 1.33 1.28 0.07 2.04 1.98 2.01 0.04 4.37 4.37
360 0.57 1.39 0.98 0.58 0.66 0.38 0.52 0.20 0.86 0.76 0.81 0.07 1.88 0.82 1.35 0.75
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Table C.3. Raw data of time-course degradation of TNT during aging experiments with iron in the presence of KCl (Conditions:
anaerobic, 4 g/L Fe, [TNT]o = 10 ppm, 5 ml/sec).





















B ppm Avg SD
0 7.48 7.30 7.39 0.13 7.77 7.30 7.54 0.33 7.41 8.31 7.86 0.64 7.51 7.47 7.49 0.0 7.41 7.73 7.57 0.23
60 2.04 3.24 2.64 0.85 3.09 3.23 3.16 0.10 3.59 2.47 3.03 0.79 2.75 2.80 2.77 0.03
120 0.99 1.27 1.13 0.20 1.73 0.59 1.16 0.81 0.79 0.79 1.23 1.34 1.28 0.08
180 0.67 0.19 0.43 0.34 0.41 0.76 0.59 0.25 0.65 0.37 0.51 0.20 BDL BDL BDL BDL BDL
240 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
1
 The experiment was conducted but samples for 60, 120, 180, and 240 minutes were not analyzed due to HPLC technical difficulties.
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Table C.4. Raw data of time-course degradation of TOC from TNT during aging experiments with Fisher zinc in the presence of KCl
(Conditions: Anaerobic, 4 g/L Zn, [TNT]o = 25 ppm, 5 ml/sec).







Avg SD A ppm B ppm Avg SD A ppm B ppm Avg SD A ppm B ppm Avg SD A ppm B ppm Avg SD
0 15.34 15.40 15.37 0.04 15.10 15.14 15.12 0.03 14.97 15.15 15.06 0.13 14.99 15.55 15.27 0.40 14.53 14.65 14.59 0.08
60 11.01 12.45 11.73 1.02 12.21 12.23 12.22 0.01 13.28 13.26 13.27 0.01 13.59 13.45 13.52 0.10 13.26 14.00 13.63 0.52
120 10.87 11.55 11.21 0.48 10.90 11.00 10.95 0.07 12.06 12.30 12.18 0.17 11.06 12.36 11.71 0.92 12.87 13.23 13.05 0.25
180 10.85 9.39 10.12 1.03 10.84 11.68 11.26 0.59 11.35 11.25 11.30 0.07 11.04 12.70 11.87 1.17 11.39 12.39 11.89 0.71
240 9.97 8.80 9.38 0.83 10.80 10.90 10.85 0.07 10.49 11.37 10.93 0.62 11.89 12.47 12.18 0.41
300 9.02 9.33 9.18 0.22 10.79 10.85 10.82 0.04 10.89 10.81 10.85 0.06 10.50 10.70 10.60 0.14 11.71 11.71
360 9.01 10.40 9.71 0.99 10.65 9.73 10.19 0.65 10.05 8.97 9.51 0.76 10.53 9.73 10.13 0.57 10.65 10.65
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Table C.5. Raw data of time-course degradation of TOC from TNT during aging experiments with iron in the presence of KCl
(Conditions: anaerobic, 4 g/L Fe, [TNT]o = 10 ppm, 5 ml/sec).







Avg SD A ppm B ppm Avg SD A ppm B ppm Avg SD A ppm B ppm Avg SD A ppm B ppm Avg SD
0 6.05 6.49 6.27 0.31 7.23 7.19 7.21 0.03 5.87 6.19 6.03 0.23 5.89 6.31 6.10 0.29 5.43 7.82 6.63 1.69
60 4.89 5.17 5.03 0.20 4.74 4.51 4.63 0.16 5.80 5.74 5.77 0.04 4.67 4.63 4.65 0.03 4.81 4.82 4.82 0.01
120 4.75 3.44 4.09 0.93 3.96 3.69 3.83 0.19 4.03 3.49 3.76 0.38 3.48 4.59 4.04 0.79 4.61 4.73 4.67 0.08
180 4.33 2.47 3.40 1.32 3.29 3.53 3.41 0.17 3.52 2.24 2.88 0.91 3.49 3.45 3.47 0.03 4.21 4.64 4.43 0.30
240 3.42 3.11 3.26 0.22 2.81 3.41 3.11 0.42 3.55 2.23 2.89 0.93 3.31 3.37 3.34 0.04 4.11 3.50 3.80 0.43
300 3.06 3.09 3.07 0.02 3.05 3.38 3.22 0.23 3.27 1.97 2.62 0.92 3.09 3.21 3.15 0.08 3.77 3.77
360 2.97 3.09 3.03 0.09 2.93 2.66 2.80 0.19 3.08 2.86 2.97 0.16 3.00 3.17 3.08 0.12
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Table C.6. Raw data of Day 5 TNT degradation after reactivation of Fisher zinc using ozonation (Day 4), peroxone (Day 4), or KCl
(added Day 5).  



































0 10.44 10.34 10.39 0.07 11.18 11.09 11.14 0.06 10.93 11.43 11.18 0.35 10.05 10.95 10.50 0.64
60 7.55 6.89 7.22 0.47 7.32 7.55 7.44 0.16 9.38 9.46 9.42 0.06 0.92 1.62 1.27 0.50
120 5.32 6.90 6.11 1.12 6.59 6.62 6.61 0.02 8.31 8.13 8.22 0.13 BDL BDL BDL
180 4.11 4.63 4.37 0.37 4.85 4.85 4.85 0.00 8.12 7.51 7.82 0.43
240 3.01 4.61 3.81 1.13 3.29 4.85 4.07 1.10 7.64 7.40 7.52 0.17
300 2.97 2.91 2.94 0.04 2.37 3.93 3.15 1.10 7.04 6.50 6.77 0.38
360 2.55 2.49 2.52 0.04 2.07 3.75 2.91 1.19 6.78 6.47 6.63 0.22
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Table C.7. Raw data of time-course degradation of TNT during aging experiments with iron, and after reactivation using ozonation and
KCl addition, respectively.
























0 10.18 10.10 10.14 0.06 10.52 10.61 10.57 0.06 10.15 9.95 10.05 0.14 10.63 10.19 10.41 0.31 9.97 10.10 10.04 0.09
60 5.39 7.94 6.67 1.80 7.50 7.50 7.51 7.80 7.66 0.21 8.32 7.91 8.12 0.29 7.53 7.90 7.72 0.26
120 7.35 6.64 7.00 0.50 8.24 8.74 8.49 0.35 7.31 8.08 7.70 0.54 7.92 8.50 8.21 0.41 7.21 8.39 7.80 0.83
180 6.20 6.61 6.41 0.29 7.25 6.91 7.08 0.24 6.07 7.22 6.65 0.81 6.17 7.23 6.70 0.75 6.46 7.11 6.79 0.46
240 5.98 6.67 6.33 0.49 6.86 7.58 7.22 0.51 6.04 7.17 6.61 0.80 6.68 7.08 6.88 0.28 6.11 7.03 6.57 0.65
300 5.25 6.00 5.63 0.53 5.85 6.69 6.27 0.59 4.95 5.43 5.19 0.34 5.62 6.45 6.04 0.59 5.39 6.33 5.86 0.66
360 5.46 6.34 5.90 0.62 8.31 5.41 6.86 2.05 4.67 6.34 5.51 1.18 5.41 6.85 6.13 1.02 5.81 6.80 6.31 0.70
Table C.8.  Raw data for the degradation of TNT during aging experiments with iron after reactivation using 
ozonation and KCl addition, respectively.
Day 5 (Ozonation Day 4) KCl addition in Day 5
Time, min
min
[TNT]A ppm [TNT]B ppm Avg SD [TNT]A ppm [TNT]B ppm Avg SD
0 9.97 10.10 10.04 0.09 11.08 10.97 11.03 0.08
60 7.53 7.90 7.72 0.26 3.72 2.73 3.23 0.70
120 7.21 8.39 7.80 0.83 1.40 BDL 1.40
180 6.46 7.11 6.79 0.46 BDL BDL
240 6.11 7.03 6.57 0.65
300 5.39 6.33 5.86 0.66
360 5.81 6.80 6.31 0.70
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Table D.1. Raw data of TNT degradation ad different revolutions per minute (rpm) using Sigma zinc (Conditions: 
anaerobic, 10 g/L Zn, [TNT]o = 30 ppm).



























0 32.03 32.19 32.11 0.11 26.13 26.09 26.11 0.03 27.84 27.80 27.82 0.03 25.87 25.97 25.92 0.07
10 27.02 26.76 26.89 0.18 20.87 22.51 21.69 1.16 22.09 21.33 21.71 0.54 19.82 20.42 20.12 0.42
20 25.23 25.69 25.46 0.33 18.96 19.52 19.24 0.40 19.54 20.06 19.80 0.37 18.64 18.60 18.62 0.03
40 23.04 22.78 22.91 0.18 17.09 17.11 17.10 0.01 15.99 16.79 16.39 0.57 14.06 13.90 13.98 0.11
60 20.29 19.91 20.10 0.27 14.51 13.85 14.18 0.47 11.03 12.69 11.86 1.17 8.87 8.81 8.84 0.04
120 16.15 15.63 15.89 0.37 9.04 8.52 8.78 0.37 2.94 3.72 3.33 0.55 0.63 0.39 0.51 0.17
180 11.57 12.19 11.88 0.44 5.29 5.65 5.47 0.25 0.89 1.05 0.97 0.11 BDL BDL BDL
240 5.99 6.69 6.34 0.50 2.83 3.31 3.07 0.34 BDL BDL BDL
300 2.97 2.91 2.94 0.04 1.27 1.63 1.45 0.25
360 0.86 1.10 0.98 0.17 BDL BDL BDL
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Table D.2. Poynomiums fitted to the TNT degradation data obtained at different rpms 
(Table D.1.1).  The derivative at t = 0 was multiplied by the initial TNT 
concentration to obtained the rate of initial TNT degradation.









25 − × + × − +− −2 10 1 10 0 0052 0 92318 3 3 2t t t. . 0.986 0.170
50 − × + × − +− −4 10 3 10 0 008 0 9358 3 5 2t t t. . 0.992 0.208
100 − × + × − +− −7 10 5 10 0 0117 0 95158 3 5 2t t t. . 0.992 0.325
200 − × + × − +− −1 10 4 10 0 0129 0 96098 3 5 2t t t. . 0.993 0.334
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Table D.3. Raw data of TNT degradation by Sigma zinc using column and shaker experiments.















0 26.80 26.75 26.78 0.04 25.88 25.92 25.90 0.03
10 23.67 26.66 25.17 2.11 19.45 22.96 21.21 2.48
20 22.47 22.50 22.49 0.02 18.30 18.74 18.52 0.31
40 20.26 20.23 20.25 0.02 17.68 19.43 18.56 1.24
60 16.87 16.80 16.84 0.05 14.59 16.60 15.60 1.42
120 8.62 8.60 8.61 0.01 7.57 9.86 8.72 1.62
180 4.03 3.99 4.01 0.03 2.95 5.77 4.36 1.99
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Table D.4. Raw data of time-course degradation of TNT for the short term experiments conducted to 
calculate reaction rate parameters using Fisher zinc.

















0 1.377 1.379 1.378 0.001 0 70.899 71.097 70.998 0.140
1 1.360 1.350 1.355 0.007 5 67.125 67.109 67.117 0.011
2 1.315 1.323 1.319 0.006 10 67.123 68.193 67.658 0.757
3 1.300 1.298 1.299 0.001 15 67.256 67.384 67.320 0.091
4 1.267 1.263 1.265 0.003 20 67.437 67.623 67.530 0.132
5 1.252 1.244 1.248 0.006 25 66.224 66.722 66.473 0.352
6 1.229 1.223 1.226 0.004 30 64.006 64.782 64.394 0.549
7 1.987 0.415 1.201 1.112 35 64.258 66.516 65.387 1.597
8 1.200 1.204 1.202 0.003 40 63.167 64.261 63.714 0.774
9 1.163 1.135 1.149 0.020 45 63.304 63.300 63.302 0.003
10 1.139 1.149 1.144 0.007 50 63.221 63.149 63.185 0.051
55 62.143 61.719 61.931 0.300
60 62.051 61.989 62.020 0.044
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Table D.5. Raw data of time-course degradation of TNT for the short term experiments conducted to calculate 
reaction rate parameters using iron.















0 1.255 1.245 1.250 0.007 0 63.548 63.512 63.530 0.025
5 1.106 1.094 1.100 0.008 10 61.263 60.117 60.690 0.810
10 1.087 1.093 1.090 0.004 20 60.129 58.651 59.390 1.045
20 1.076 1.084 1.080 0.006 30 60.549 62.191 61.370 1.161
35 1.059 1.069 1.064 0.007 40 60.084 59.236 59.660 0.600
40 1.044 1.056 1.050 0.008 50 59.273 58.767 59.020 0.358
45 0.930 1.050 0.990 0.085 60 59.429 59.431 59.430 0.001
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Example of Polymath Report for the fitting of Equation 24 to the data of TNT degradation by
Sigma zinc.
Nonlinear regression (mrqmin) 
 Model: negdCoverdt =  k*CTNTo/(1+K*CTNTo)
 Variable     Ini guess     Value      Conf-inter 
 k            1           0.0239546    0.0074723
 K            0.2         0.0868953    0.0371917
 Nonlinear regression settings 
 Max # iterations = 300
 Tolerance = 0.01
 Precision 
 R^2       =  0.9588375
 R^2adj    =  0.917675 
 Rmsd      =  0.004245 
 Variance  =  1.622E-04
 Chi-Sq    =  0.0162183
 Alamda    =  1.0E-10  
 General 
 Sample size   = 3
 # Model vars  = 2
 # Indep vars  = 1
 # Iterations  = 7
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Example of Polymath Report for the fitting of Equation 27 to the data of TNT degradation by
Sigma zinc.
Nonlinear regression (mrqmin) 
 Model: beta50 =  -.024/a*(Time)^a
 Variable     Ini guess     Value      Conf-inter 
 a            0.5         0.8668634    0.0016767
 NOTE: Calculations exceeded the maximum number of iterations.
 Nonlinear regression settings 
 Max # iterations = 64
 Tolerance = 0.0001
 Precision 
 R^2       =  0.9733796
 R^2adj    =  0.9733796
 Rmsd      =  0.0745334
 Variance  =  0.0617247
 Chi-Sq    =  55.552213
 Alamda    =  1.0E+48  
 General 
 Sample size   = 10
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Example of Polymath Report for the fitting of Equation 27 to the data of TNT degradation by
Fisher zinc.
Nonlinear regression (mrqmin) 
 Model: beta1 =  -0.0187/a*(Time1)^a
 Variable     Ini guess     Value      Conf-inter 
 a            0.99        0.750488     3.392E-04
 Nonlinear regression settings 
 Max # iterations = 300
 Tolerance = 0.0001
 Precision 
 R^2       =  0.9996945
 R^2adj    =  0.9996945
 Rmsd      =  7.264E-04
 Variance  =  5.342E-06
 Chi-Sq    =  0.0042738
 Alamda    =  1.0E-08  
 General 
 Sample size   = 9
 # Model vars  = 1
 # Indep vars  = 1
 # Iterations  = 5
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Example of Polymath Report for the fitting of Equation 27 to the data of TNT degradation by
Iron.
Nonlinear regression (mrqmin) 
 Model: beta70 =  -0.0198/a*Time70^a
 Variable     Ini guess     Value      Conf-inter 
 a            0.5         0.4285088    0.009998 
 NOTE: Calculations exceeded the maximum number of iterations.
 Nonlinear regression settings 
 Max # iterations = 64
 Tolerance = 0.0001
 Precision 
 R^2       =  0.6103756
 R^2adj    =  0.6103756
 Rmsd      =  0.0499623
 Variance  =  0.0203859
 Chi-Sq    =  12.231523
 Alamda    =  1.0E+54  
 General 
 Sample size   = 7
 # Model vars  = 1
 # Indep vars  = 1
 # Iterations  = 65
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Appendix E
RAW DATA FOR INTEGRATION OF REDUCTION AND OXIDATION
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Table E.1. Raw data for degradation of TNT using Fisher zinc in the presence 
of potassium chloride (conditions: 4 g/L Zn, anaerobic, and 12 ml/sec) 
followed by oxidation with peroxone (conditions: Initial % O3 =0.930,










0 35.89 11.46 12.05 11.7 0.42 7.99
60 30.75 10.36 10.29 10.3 0.05 9.27
120 19.41 7.90 8.98 8.44 0.76 9.40
180 7.79 6.19 7.38 6.78 0.84 9.49
240 2.73 4.91 7.03 5.97 1.50 9.51
300 0.93 3.75 7.38 5.57 2.56 9.52





















0 3.47 7.61 5.54 2.93 136.00 94.00 115.0 9.31
10 3.83 7.02 5.43 2.26 1.00 1.25 1.13 118.00 100.00 109.0 7.22
20 3.27 4.90 4.08 1.15 0.50 0.75 0.63 73.00 82.00 77.50 7.06
30 3.84 3.84 1.25 0.75 1.00 60.00 69.50 64.75 7.17
40 2.93 3.61 3.27 0.48 0.50 0.25 0.38 33.50 39.50 36.50 7.23
50 2.15 3.09 2.62 0.66 0.50 0.25 0.38 18.00 20.00 19.00 7.18
60 1.60 2.69 2.14 0.78 0.38 0.13 0.26 2.00 5.00 3.50 7.20
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Table E.2. Raw data for degradation of TNT using Fisher zinc in the presence 
of potassium chloride (conditions: 4 g/L Zn, anaerobic, and 12 ml/sec) 
followed by oxidation with peroxone (conditions: Initial % O3 =4.845












0 28.52 12.15 12.03 12.09 0.08 7.82
60 19.99 9.46 9.46 8.90
120 8.22 7.21 7.21 8.93
180 1.95 5.69 5.45 5.57 0.17 8.61
240 0.63 4.79 5.02 4.91 0.16 8.77
300 BDL 4.34 4.35 4.34 0.01 8.55





















0 4.13 3.74 3.93 0.28 26.50 21.50 24.00 9.31
10 1.96 2.51 2.23 0.39 1.50 1.25 1.38 1.50 1.50 1.50 7.22
20 1.06 1.16 1.11 0.07 2.50 2.25 2.38 2.00 2.00 2.00 7.06
30 0.96 1.75 1.35 0.56 3.00 3.00 3.00 2.00 2.00 2.00 7.17
40 0.62 1.25 0.93 0.44 3.00 3.00 3.00 2.50 2.00 2.25 7.23
50 0.48 0.48 3.50 3.00 3.25 2.00 2.00 2.00 7.18
60 0.11 0.61 0.36 0.35 3.50 3.50 3.50 2.00 3.00 2.50 7.20
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Table E.3. Raw data for degradation of TNT using Fisher zinc in the presence 
of potassium chloride (conditions: 4 g/L Zn, anaerobic, and 12 ml/sec) 
followed by oxidation with peroxone (conditions: Initial % O3 =1.156,












0 27.76 9.36 9.78 9.57 0.30 7.81
60 23.94 8.95 8.75 8.85 0.14 8.72
120 18.18 7.16 8.28 7.72 0.79 8.90
180 8.44 5.21 7.80 6.51 1.83 9.04
240 3.32 3.81 6.46 5.14 1.87 9.09
300 1.27 3.12 6.53 4.83 2.41 9.12



















0 2.69 6.35 4.52 2.59 26.50 20.00 23.25 9.03
10 2.19 5.26 3.72 2.17 1.00 0.50 0.75 25.50 23.50 24.50 7.82
20 1.51 3.65 2.58 1.52 0.50 0.50 0.50 19.50 25.00 22.25 7.59
30 1.12 2.69 1.90 1.11 0.75 0.25 0.50 14.00 18.00 16.00 7.49
40 0.71 2.51 1.61 1.27 0.25 0.75 0.50 10.00 15.50 12.75 7.38
50 0.03 1.18 0.60 0.82 0.50 0.75 0.63 10.00 15.50 12.75 7.33
60 0.83 0.83 0.25 0.50 0.38 1.50 1.50 1.50 7.30
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Table E.4. Raw data for degradation of TNT using Fisher zinc in the presence 
of potassium chloride (conditions: 4 g/L Zn, anaerobic, and 12 ml/sec) 
followed by oxidation with peroxone (conditions: Initial % O3 =1.155,












0 27.46 8.82 8.99 8.90 0.12 7.70
60 21.82 8.06 6.18 7.12 1.33 8.60
120 14.94 6.27 4.56 5.41 1.21 8.90
180 7.02 4.94 4.77 4.85 0.12 8.96
240 2.57 4.51 3.71 4.11 0.57 8.99
300 1.06 3.23 4.55 3.89 0.93 8.99



















0 3.46 4.56 4.01 0.78 920.00 1240.00 1080.0 8.61
10 3.58 5.33 4.45 1.24 1.25 0.75 1.00 7.33
20 3.51 3.54 3.53 0.02 5.00 6.00 5.50 850.00 910.00 880.00 7.46
30 3.29 5.36 4.32 1.46 5.00 5.00 5.00 830.00 790.00 810.00 7.45
40 3.67 3.87 3.77 0.14 4.75 3.25 4.00 805.00 855.00 830.00 7.34
50 3.62 3.44 3.53 0.13 4.25 3.75 4.00 7.29
60 3.15 4.13 3.64 0.70 4.15 3.85 4.00 650.00 550.00 600.00 7.15
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Table E.5. Raw data for degradation of TNT using Fisher zinc in the presence 
of potassium chloride (conditions: 4 g/L Zn, anaerobic, and 12 ml/sec) 
followed by oxidation with peroxone (conditions: Initial % O3 =4.561,










0 27.32 11.91 11.95 11.93 7.75
60 21.19 10.23 8.65 9.44 9.47
120 9.62 7.19 7.98 7.58 9.04
180 3.38 5.75 6.16 5.96 9.04
240 1.24 6.39 8.33 7.36 9.01
300 0.48 6.01 7.56 6.79 9.01















0 4.69 7.82 6.26 9.29
10 1.49 3.62 2.56 3.00 2.50 2.75 7.42
20 1.18 2.46 1.82 3.00 3.00 3.00 7.57
30 1.45 3.47 2.46 3.25 3.00 3.13 7.49
40 1.97 2.62 2.29 3.00 3.50 3.25 7.40
50 2.15 2.15 3.50 3.75 3.63 7.52
60 1.79 1.85 1.82 3.00 4.00 3.50 7.48
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Table E.6. Raw data of time-course TNT concentration during each of the reduction experiments using zinc















0 35.89 28.52 27.76 27.46 27.32 29.39 3.66
60 30.75 19.99 23.94 21.82 21.19 23.54 4.28
120 19.41 8.22 18.18 14.94 9.62 14.07 5.00
180 7.79 1.95 8.44 7.02 3.38 5.72 2.88
240 2.73 0.63 3.32 2.57 1.24 2.10 1.12
300 0.93 BDL 1.27 1.06 0.48 0.94 0.33
360 0.40 BDL BDL BDL 0.40
Table E.7. Raw data of time-course TOC concentration during each of the reduction experiments using zinc
prior to the oxidation experiments.  Each column is an average of two experiments.  The standard 















0 11.76 12.09 9.57 8.90 11.93 10.85 1.50
60 10.33 9.46 5.85 7.12 9.44 8.44 1.88
120 8.44 7.21 7.72 5.41 7.58 7.27 1.13
180 6.78 5.57 6.51 4.85 5.96 5.93 0.77
240 5.97 4.91 5.14 4.11 7.36 5.50 1.23
300 5.57 4.34 4.83 3.89 6.79 5.08 1.14
360 5.54 3.93 4.52 4.01 6.26 4.85 1.02
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Table E.8. Raw data for degradation of TNT using iron in the presence 
of potassium chloride (conditions: 4 g/L Fe, anaerobic, and 12 ml/sec) 









0 18.79 12.30 12.58 12.44
60 8.46 11.33 8.90 10.12
120 4.76 9.47 7.25 8.36
180 2.85 8.66 5.91 7.29
240 1.78 6.82 4.86 5.84
300 1.09 5.70 5.70














0 5.47 4.38 118.00 113.00 115.50
10 6.23 5.54 5.88 108.00 109.00 108.50
20 5.55 4.11 4.83 98.00 108.00 103.00
30 5.96 4.52 5.24 83.00 104.00 93.50
40 6.03 4.46 5.25 92.00 83.00 87.50
50 5.66 4.09 4.87
60 5.91 4.15 5.03 92.00 92.00
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Table E.9. Raw data for degradation of TNT using iron in the presence 
of potassium chloride (conditions: 4 g/L Fe, anaerobic, and 12 ml/sec) 
followed by oxidation with peroxone (conditions: Initial % O3 =3.0,









0 19.02 13.90 13.60 13.75
60 10.94 10.58 10.29 10.43
120 6.67 8.53 8.68 8.61
180 4.39 6.96 6.87 6.92
240 3.09 5.90 5.84 5.87
300 2.16 5.29 5.34 5.31




















0 5.54 4.69 5.12 730.00 690.00 710.00
10 6.70 6.75 6.73 2.50 5.35 5.35 710.00 790.00 750.00
20 5.14 4.24 4.69 1.75 4.50 4.50 770.00 740.00 755.00
30 5.05 4.54 4.79 1.25 3.70 3.70 700.00 760.00 730.00
40 3.14 2.82 2.98 3.00 5.10 5.10 670.00 710.00 690.00
50 3.89 3.63 3.76 1.50 4.30 4.30 560.00 590.00 575.00
60 4.61 4.97 4.79 3.00 4.10 4.10 620.00 570.00 595.00
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Table E.10. Raw data for degradation of TNT using iron in the presence 
of potassium chloride (conditions: 4 g/L Fe, anaerobic, and 12 ml/sec) 
followed by oxidation with peroxone (conditions: Initial % O3 =3.517,









0 18.54 11.72 11.80 11.76
60 10.30 10.45 10.49 10.47
120 6.07 13.34 11.55 12.45
180 3.72 7.07 7.48 7.28
240 1.83 7.57 7.21 7.39
300 1.44 10.98 11.52 11.25




















0 6.29 7.84 7.06 10.50 10.50 10.50
10 2.53 2.76 2.65 1.80 2.45 2.13 11.00 17.00 14.00
20 3.07 3.54 3.30 5.30 5.55 5.43 20.00 25.50 22.75
30 3.36 2.79 3.07 5.55 6.80 6.18 28.50 35.50 32.00
40 2.97 2.59 2.78 5.65 5.80 5.73 38.00 43.00 40.50
50 2.84 2.61 2.73 3.25 6.25 4.75 41.50 57.00 49.25
60 2.97 2.76 2.86 6.30 4.70 5.50 58.00 69.50 63.75
300
Table E.11. Raw data for degradation of TNT using Fisher zinc in the presence 
of potassium chloride (conditions: 4 g/L Fe, anaerobic, and 12 ml/sec) 
followed by oxidation with peroxone (conditions: Initial % O3 =3.117,









0 18.16 13.99 14.51 14.25
60 9.15 10.56 10.06 10.31
120 5.37 8.67 7.90 8.29
180 3.07 7.43 6.74 7.08
240 1.78 6.41 5.31 5.86
300 1.20 6.52 5.47 5.99




















0 4.62 3.84 4.23 102.00 103.00 102.50
10 4.66 3.52 4.09 1.40 1.30 1.35 60.00 84.00 72.00
20 3.15 4.00 3.58 34.50 80.00 57.25
30 4.13 4.35 4.24 4.45 5.00 4.73 27.00 73.00 50.00
40 4.21 3.78 3.99 5.90 6.60 6.25 20.00 77.50 48.75
50 4.82 4.74 4.78 6.95 5.85 6.40 14.50 50.50 32.50
60 4.60 3.99 4.29 7.00 7.25 7.13 8.50 63.50 36.00
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Table E.12. Raw data for degradation of TNT using Fisher zinc in the presence 
of potassium chloride (conditions: 4 g/L Fe, anaerobic, and 12 ml/sec) 
followed by oxidation with ozonation (conditions: Initial % O3 =4.803,









0 18.76 10.57 10.75 10.66
60 9.06 9.58 9.32
120 5.29 7.59 8.63 8.11
180 3.19 5.53 6.75 6.14
240 2.05 6.29 4.23 5.26
300 1.29 5.84 5.90 5.87














0 5.86 8.88 7.37
10 5.52 6.48 6.00 9.25 8.75 9.00
20 5.19 5.00 5.10 11.40 11.00 11.20
30 4.77 4.78 4.78 11.80 10.50 11.15
40 4.91 5.70 5.31 10.80 10.90 10.85
50 4.90 5.49 5.20 12.35 10.35 11.35
60 4.12 7.84 5.98 12.30 11.00 11.65
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Table E.13. Raw data of time-course TNT concentration during each of the reduction experiments using iron















0 18.79 19.02 18.54 18.16 18.76 18.65 0.32
60 8.46 10.94 10.30 9.15 9.71 1.12
120 4.76 6.67 6.07 5.37 5.29 5.63 0.74
180 2.85 4.39 3.72 3.07 3.19 3.44 0.62
240 1.78 3.09 1.83 1.78 2.05 2.11 0.56
300 1.09 2.16 1.44 1.20 1.29 1.44 0.42
360 0.74 1.37 0.33 0.92 0.98 0.87 0.38
Table E.14. Raw data of time-course TOC concentration during each of the reduction experiments using iron
prior to the oxidation experiments.  Each column is an average of two experiments.  The standard 















0 12.44 13.75 11.76 14.25 10.66 12.57 1.46
60 10.12 10.43 10.47 10.31 9.32 10.13 0.47
120 8.36 8.61 12.45 8.29 8.11 9.16 1.85
180 7.29 6.92 7.28 7.08 6.14 6.94 0.47
240 5.84 5.87 7.39 5.86 5.26 6.04 0.80
300 5.70 5.31 11.25 5.99 5.87 6.82 2.49
360 4.93 5.11 7.06 4.23 7.37 5.74 1.39
